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ABSTRACT
In the 21st century, freshwater scarcity is an emerging worldwide crisis that threatens
human activity.

Because of this lack of freshwater, an alternative resource using

recycled wastewater or seawater has recently become a more attractive option.
Pressure-driven membranes play a vital role in water treatment and desalination.
Comparing conventional processes, microfiltration (MF) membranes can achieve more
stable performance in eliminating colloidal particles due to its high removal efficiency.
However, membrane fouling is the major problem which causes a loss of the filtration
performance over time and eventually increases energy consumption and plant
operating and maintenance costs.

Past studies have widely investigated membrane fouling and its models for MF and
Ultrafiltration (UF) membranes. Most models were often evaluated in bench-scale,
simplified, non-practical experiments using a flat-sheet membrane and can only expect
fouling behaviour under a limited condition. This is because past studies may have
focussed on understanding of fouling mechanism under a well-controlled condition. In
practice however, hollow fibre membranes are commonly employed in full-scale MF
and UF systems which are generally operated under a constant flux, direct-flow mode
with regular backwash. Although a few fouling models have been proposed for a
hollow fibre membrane, they are still under development.

For better plant design and optimisation, it is necessary to develop a more practical
model for the prediction of the full-scale MF performance. Hence, a new analytical
fouling model has been developed in this study. This model is able to describe the
effects of the major fouling mechanisms such as pore blockage, adsorption and
‗adhesive‘ cake formation during the filtration with regular backwash employing hollow
fibre membranes under typical industry operated conditions. The new fouling model
developed incorporates both the membrane resistance model and adhesive cake
resistance model. The model also takes into account all features that contribute to
membrane fouling except the detailed water quality characteristics.

The new model was evaluated under practical conditions by applying it to the operating
data through the simulation of 3D Curve Fitting Tool on MATLAB software. The data
ii

were obtained from an industry operated MF system treating secondary effluent for
industrial reuse, where is located in the Wollongong Wastewater Reclamation Plant
(WWRP) in Australia. From the analysis of the operating data, it is found that the MF
system is less sensitive to irreversible fouling impact and can maintain the designed
filtration performance over a relatively long-term operation without Clean-In-Place
(CIP), e.g. 23 weeks including short-term shutdown periods. These findings suggest
that it is possible to extend the current CIP interval longer than the manufacturer‘s
recommendation, e.g. every 9 weeks. Moreover, the performance degradation in the
MF system has a good agreement with observation of the cross-flow filtration by Xie et
al., (2008).

On the simulation of the curve fitting, the new fouling model has successfully estimated
the fouling behaviour and cake characteristics showing a strong correlation (e.g. R2
=0.893) to the operating data for a relatively long-term operation (e.g. 2016 hours). For
example, the model simulated that the clean membrane resistance was a dominant factor
over total resistance (e.g. 73%), whereas adhesive cake resistance was the next
dominant factor (e.g. 23%) but gradually increased over time. The model also estimated
that adhesive cakes forming on membrane fibres were thinner, less concentrated (more
porous), and moderately compressible but have lower resistance at the initial filtration
stage (e.g. S=0.641, φc=9.632×10-5 and δc(t)=55.27μm on the first week). However, it
was predicted that these cakes became thicker, more concentrated, and less
compressible but had higher resistance after a long-term operation (e.g. S=0.256,
φc=6.136×10-4 and δc(t)=98.34μm after 12 weeks).
Importantly, the simulation results showed that it is possible for the new model to
predict the system performance without detailed investigation of foulants. Furthermore,
it is estimated that the order of the most sensitive fouling factors affecting the filtration
performance were: i) clean membrane resistance, ii) index of adhesive cake
compressibility, iii) density of particles presented in feed, iv) flux and overall pressure
drop, and v) feed concentration. Finally, it is recommended that further studies should
be conducted to investigate other fouling mechanisms such as effects of feed water
quality characteristics, effects of regular backwash, and cake characteristics during the
filtration with regular backwash.
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1 Introduction
This chapter describes the background of the study and the reasons why the research is
necessary to be undertaken.

It also outlines the research objectives, scope and

limitations and the structure of this thesis.

1. 1

Background of the Study

In the 21st century, freshwater scarcity is an emerging worldwide crisis that threatens
human activity. The water shortage has been accelerated by the high demand caused by
the rapid population growth and the reduction of rainfall due to climate change (Fane,
2007; Fritzmann et al., 2007; Pearce, 2008b; Kim et al., 2009). Because of this lack of
freshwater, an alternative resource using recycled wastewater or seawater has recently
become a more attractive option.

Large-scale systems for water recycling and seawater desalination have commonly
employed membranes (Dolnicar and Schafer, 2009). Pressure-driven membranes play a
vital role in water treatment and desalination (Fane, 2007). In particular, microfiltration
(MF) membranes can achieve more stable performance in eliminating colloidal particles
due to its high removal efficiency comparing conventional processes (Ho and Sirkar,
1992; Belfort et al., 1994; American Water Works Association et al., 1996; Crittenden
et al., 2005). The MF process has also been widely used for the pre-treatment of the
nanofiltration (NF) and reverse osmosis (RO) processes in many plants treating surface
water, seawater, brackish water, municipal secondary effluent and industrial effluent
(Xie et al., 2008).

Despite the many advantages, the major problem of membrane processes involving MF
is membrane fouling (Ho and Sirkar, 1992; Crittenden et al., 2005; Lee et al., 2008;
Marselina et al., 2009). Membrane fouling causes a loss of the filtration performance
over time and eventually increases energy consumption and plant operating and
maintenance costs. There are mainly three major fouling mechanisms during the MF
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process: pore blockage, adsorption and cake formation (Ho and Sirkar, 1992; Noble and
Stern, 1995; American Water Works Association et al., 1996; Crittenden et al., 2005).

To overcome fouling problems, past studies have widely investigated fouling
mechanisms and its models (Hermia, 1982; Ho and Sirkar, 1992; Crittenden et al., 2005;
Kim and DiGiano, 2009). However, most of all existing models are not designed for
describing the filtration performance in practice since past studies may have focussed on
understanding of fouling mechanism during a short-term filtration under a wellcontrolled filtration without backwash. As a result, these existing models were often
evaluated in bench-scale, simplified, non-practical experiments using a flat-sheet
membrane and can only expect fouling behaviour under a limited condition. The source
water is often a few known suspensions.

In practice however, hollow fibre membranes are commonly employed in full-scale MF
and ultrafiltration (UF) systems and are generally operated under a constant flux, directflow mode with regular backwash (Chellam et al., 1998; Lee et al., 2008; Kim and
DiGiano, 2009; Kincl et al., 2009). It is therefore necessary to modify the models
derived from a flat-sheet membrane into those for a hollow fibre membrane, which is of
a cylindrical geometry (Davis, 1992; Ho and Sirkar, 1992). The membrane filtration
area of a hollow fibre membrane is much greater than that of a flat-sheet membrane,
which may differ fouling behaviour between these membranes. In addition, the source
water is generally treated natural water or secondary effluent which may contain various
suspensions over a wide range of size, physical, chemical and biological characteristics.
Therefore, the source water in practice may have a more complex structure and be
deformable rather than a rigid spherical shape under controlled experiments.

Although a few models have been proposed for a hollow fibre membrane (Davis, 1992;
Belfort et al., 1994; Chellam et al., 1998; Kincl et al., 2009), they are not directly
applicable for the prediction of the full-scale system performance. This is because these
models assume that the cake resistance is the most dominant fouling factor and do not
account the effects of pore blockage and adsorption (Ho and Sirkar, 1992; American
Water Works Association et al., 1996; Crittenden et al., 2005; Kim and DiGiano, 2009).
To the author‘s knowledge, however, there is currently no published paper in the
literature on investigating the effects of membrane resistance and resistance components
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due to different fouling mechanisms (e.g. pore blockage, adsorption and cake formation)
during the long-term filtration with regular backwash. It is therefore questionable to
exclude the effects of pore blockage and/or adsorption over the total resistance from a
practical fouling model.

Hence, it is significant to develop a more practical model for the prediction of the
filtration performance.

The model should account for the effects of membrane

resistance and three major fouling mechanisms: pore blockage, adsorption and cake
formation. It should be also dependent on time and basic operating parameters. Such a
practical model can contribute to a better understanding of the plant design and
optimisation.

As a result, it is possible to reduce the fouling impacts and plant

maintaining and operating costs as well as avoid undertaking a costly and time
consuming pilot study.

1. 2

Justification of the Research

For better plant design and optimisation, it is necessary to develop a more practical
model for the prediction of the full-scale MF performance, which can minimise fouling
impacts and avoid costly, long-term pilot studies.

The model should be applicable for a full-scale MF system typically used for water and
wastewater treatment in practice.

In such a practical MF system, the operating

conditions are as follows:
-

A hollow fibre membrane with outside-in configuration (direct-flow)

-

Operated under a constant flux

-

The filtration of treated natural water or secondary effluent, which may contain
various suspensions over a wide range of size, physical, chemical and biological
characteristics (e.g. compressible, adhesive, non-rigid particles)

-

The filtration with a regular backwash operation

-

On a long-term basis (in order to months or years)

-

Accounting for the major fouling mechanisms: pore blockage, adsorption and
cake formation
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The model should account for all features listed as above. Furthermore, the model
should be able to relate to basic operating parameters which are readily measurable and
available in practical. These parameters include pressure, flow rate, total resistance and
temperature. If there are many theoretical parameters which are difficult to determine in
practical applications, assumptions are required. However, many assumptions may
mislead the prediction of the filtration performance during a long-term operation. Other
requirements include that the models should be dependent on time. The time-dependent
model can indicate an appropriate timing of membrane cleaning and other maintenance
operations for the restoration of the performance.

In summary, it is essential to develop a more practical model for the prediction of the
full-scale MF system performance. The model should be valid for the filtration of
compressible particles by employing hollow fibre membranes with outside-in
configuration operated under a constant flux, direct-flow mode with regular backwash.
It is also important to develop a model, which is dependent on time and basic operating
parameters.

1. 3

Aims and Objectives of the Research

This research aims to the development of a new fouling model for the prediction of the
performance degradation due to membrane fouling in a full-scale MF system in
practice. The specific objectives of the research are:
1. To understand the membrane fouling behaviour and key factors affecting the MF
system performance.
2. To assess the existing fouling models used for the prediction of the filtration
performance of the MF process in water and wastewater treatment.
3. To develop a new analytical model applicable for the prediction of the full-scale,
long-term filtration performance in a practical MF system, which employs
hollow fibre membranes with outside-in configuration operated under a constant
flux, direct-flow mode with regular backwash.
4. To evaluate the new model by applying it to full-scale data obtained from an
industry operated MF plant used in municipal wastewater treatment.
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5. To identify the major factors affecting the MF performance.
6. To optimise and recommend suitable operating conditions for the minimisation
of membrane fouling and for the improvement of the filtration performance.

1. 4

Scope and Limitations of the Research

To achieve the above objectives, this research undertook the followings:
1. The literature on the membrane fouling behaviour and the key factors affecting
the MF system performance in water and wastewater treatment was critically
reviewed. This includes:
a. Understanding the background of the pressure-driven membrane
technology used for water recycling and desalination.
b. Reviewed the fundamental MF processes, typical MF membrane
materials, module configuration and plant design in water and
wastewater treatment.
c. Studied fouling mechanisms, types of fouling and foulants during the MF
process in water and wastewater treatment.
d. Understanding the effects of membrane fouling, fouling control methods
and operating conditions in a full-scale MF system typically used in
municipal wastewater treatment.

2. The existing fouling models and fouling mechanisms in the MF process used for
water and wastewater treatment were critically reviewed. They include:
a. Reviewed the fundamental fouling models and the cake resistance
models for the filtration of compressible and incompressible particles.
b. Studied the cake characteristics observed during the filtration of treated
and untreated natural water, and controlled suspensions in past studies.
c. Evaluated the existing fouling models for the filtration of compressible
particles using a hollow fibre membrane with outside-in configuration
operated under a constant flux, direct-flow mode.

3. A new analytical model was developed for the prediction of the full-scale
filtration performance in a practical MF system. The model is:
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a. Able to predict the performance degradation due to membrane fouling
over time as simply as possible by accounting for all features that
contribute to fouling except the detailed water quality characteristics.
b. Able to describe the effects of the major fouling mechanisms over time:
pore blockage, adsorption and cake formation.
c. Applicable for a full-scale MF system which employs hollow fibre
membranes with outside-in configuration operated under a constant flux,
direct-flow mode with regular backwash on a long-term basis.

4. The new model was evaluated by applying it to the operating data obtained from
an industry operated MF plant through simulation by using MATLAB software,
which is a numerical programming environment with graphical user interface
tools.
a. A full-scale MF plant treating of secondary effluent in the local
municipal water treatment plant – the Wollongong Wastewater
Reclamation Plant (WWRP) in Australia, was studied.
b. The operating data were collected from the WWRP and processed by
using MATLAB software.
c. The operating data were analysed by using MATLAB software.
d. Through the simulation on MATLAB software, the new model was
applied to the operating data for the determination of the effects of
membrane fouling on the filtration performance, operating conditions
and characteristics of adhesive cakes over an extended operation during
the filtration with regular backwash between chemical cleaning
operations (e.g. pressure vs. total resistance vs. the amount of the product
water for certain time for 2016 hours).
e. The characteristics of cakes forming on a fibre were predicted from the
simulation results, e.g. the cake compressibility, thickness and
concentration under a constant flux operation with regular backwash.
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5. The major factors affecting the MF performance were identified from the
simulation results. They include:
a. The sensitivity of the key fouling factors causing an increase in total
resistance was simulated under different operating conditions.
b. The thickness of adhesive cakes was estimated under different operating
conditions through the simulation.
c. The maximum filtration period without chemical cleaning was simulated
under different operating conditions through the simulation.
d. The major factors affecting the MF performance were identified from all
simulation results.

6. Optimisation and recommendations were carried out from the data analysis and
simulation results derived from this research.

1. 5

Thesis Outline

This thesis has explores the new insights into the fouling behaviour in a full-scale MF
system typically used for water and wastewater treatment. The new model developed in
this research will contribute to a better plant design and optimisation, which can
minimise fouling impacts and maintain the high filtration performance over a long-term
period. The thesis discusses modelling and optimisation of a full-scale MF plant in
municipal water reclamation in detail as the following order:

Chapter 1 describes the background of the study and the reasons why the research is
necessary to be undertaken.

It also outlines the research objectives, scope and

limitations and the structure of this thesis.

Chapter 2 is a literature review of the background of water recycling and desalination,
MF membranes used for water and wastewater treatment, and the mechanisms of
membrane fouling.

It further discusses fouling factors affecting the filtration
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performance and the fouling control methods in the full-scale MF system in water and
wastewater treatment.

Chapter 3 discusses a review of the theoretical background of fouling models in the MF
process, including the fundamental filtration theory of a porous media and fouling
models for the dead-end MF process. It further discusses the fouling models for the
filtration of compressible particles using a hollow fibre membrane with outside-in
configuration operated under a constant flux, direct-flow mode. This kind of hollow
fibre membranes is often employed in a MF plant in municipal water treatment.

Chapter 4 describes the approach for the development of a new fouling model. It
discusses the total resistance incorporating with different fouling mechanisms, the
resistance model for the adhesive cake formation, and limitations of the new model.

Chapter 5 describes the study of an industry operated MF plant in municipal secondary
effluent reuse, and the methodology of the collection of full-scale data obtained from
that plant and the data processing. It also explains the methods of the removal of
outliers from the operating data.

Chapter 6 presents the results of the data reduction of full-scale data collected from an
industry operated plant, the performance of the new fouling model and sensitivity
analysis of the model parameters. It also discusses the major fouling factors affecting
the performance degradation in a full-scale MF system.

It further determines the

optimised operating conditions, which can minimise fouling impacts.

Chapter 7 concludes the results carried out from this research and then describes
recommendations for further studies.
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2 Review of Microfiltration Technology and Membrane
Fouling in Water and Wastewater Treatment
This chapter is a literature review of the background of water recycling and
desalination, MF membranes used for water and wastewater treatment, and the
mechanisms of membrane fouling. It further discusses fouling factors affecting the
filtration performance and the fouling control methods in the full-scale MF system in
water and wastewater treatment.

2. 1

Membranes in Water Recycling and Reclamation

2.1.1

Worldwide freshwater scarcity

In the 21st century, freshwater scarcity is an emerging worldwide crisis that threatens
human activity.

Human has increasingly consumed freshwater, which exceeds

sustainable levels (Dolnicar and Schafer, 2009). As a result, a drought tends to last
longer, the amount of environmental flows going into natural water systems tends to
decrease and the quality of water reservoirs tends to be degraded.

Both the quantity and quality of the water resources have been limited in many regions
in the world (Dolnicar and Schafer, 2009).

The high water stress regions are

traditionally Australia, the Middle East, California in the USA and the Mediterranean.
This can be seen in Figure 2-1, which shows the water stress index per river basin in
1995 and its projection for 2025. It can be also seen that a large area of Australia is
categorised into a region with serious water scarcity in both 1995 and 2025. It is
therefore clear that freshwater scarcity is very serious in Australia.

Such a water shortage has been accelerated by the high demand caused by the rapid
population growth and the reduction of rainfall due to climate change (Fane, 2007;
Fritzmann et al., 2007; Pearce, 2008b; Kim et al., 2009). The world population is 6.8
billion people in 2009 (Worldometers, 2009). It is reported that 1.1 billion people have
no access to safe drinking water and about 2.6 billion people (half of people in
developing countries) lack adequate sanitation (United Nations, 2006; WHO, 2010). If
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people do not have access to safe drinking water, they tend to be forced to consume
contaminated water, which causes the transmission of various debilitating diseases and
may further result in death (United Nations, 2006; Jury and Vaux, 2007; United
Nations, 2008). It is, however, predicted that the global population will have increased
by 3 billion by 2050. In particular, 95% of this increase will be found in developing
countries or poor regions with a limited water supply.

The recent population has increased at a faster rate than food production (United
Nations, 2006; Jury and Vaux, 2007; United Nations, 2008). With the rapid population
growth, it is estimated that food production should be increased by almost 50% within
the coming 50 years, in order to maintain the food supply for the increasing population
(Jury and Vaux, 2007). Nearly 85% of freshwater in the world is recognised to be used
for agriculture. However, the continuous growth of population and further increases in
water use for industry and agriculture can accelerate a decrease in available freshwater
resources (Fritzmann et al., 2007).

Figure 2-1. Water scarcity in the world, showing (a) water supply per river basin in
1995, (b) its projection for 2025 and (c) water supply per year per capita in 1995 in the
world (adapted from UNEP/GRID-Arendal, 2009)
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2.1.2

Water recycling and desalination

With the recent freshwater scarcity, an alternative resource using recycled wastewater or
seawater has become a more attractive option than traditional resources. Many projects
for water recycling and desalination have started for a sustainable water supply. In
Australia, the government has invested AUS$12.9 billion over 10 years for the longterm water supply (Radcliffe, 2008). Within this investing, AUS$1 billion has been
used for the support of desalination, water recycling and stormwater reuse, and
AUS$250 million has been funded for practical projects related to water treatment
plants.

On the other hand, the EU and its Member States have an important initiative of a
sustainable water management process - the Water Framework Directive (WFD) (Bixio
et al., 2008). In WFD, municipal water reclamation and reuse have been positioned as a
significant approach for sustainable water supply and a decrease in the negative impact
of human activities on the environment. It has been projected that the annual use of
treated municipal water in Europe increases more than double from 750 Mm3 in 2000 to
1,540- 4,000 Mm3 in 2025.

Figure 2-2 shows the distribution of the water reclamation projects based on the sector
of reuse activity. The water reuse is characterised into four types (Bixio et al., 2008):
-

agricultural irrigation

-

aquifer recharge, urban, recreational and environmental uses

-

process water for industry including cooling

-

combinations of the above (multipurpose schemes)

For a sustainable water supply, more than 3,300 reclamation facilities for municipal
water recycling can be found throughout the world (Bixio et al., 2008). Most of them
are in Japan and the USA, while some of them are in Australia and the EU where a large
number of future water reclamation projects are being planned. As can be seen in
Figure 2-2, agricultural irrigation is the dominant sector for water reuse in Australia
while urban use is the next dominant.

This is also supported by the report that

approximately 70% water consumption is for agricultural irrigation in Australia
(Dolnicar and Schafer, 2009).
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Figure 2-2. Number of identified municipal water reuse reclamation facilities by water
reuse sector in seven regions of the world (Bixio et al., 2008). It is noted that colours in
regions are not related to water sector reuse.

Large-scale systems for water recycling and seawater desalination have commonly
employed membranes (Dolnicar and Schafer, 2009).

In particular, pressure-driven

membranes play a vital role in water treatment and desalination (Fane, 2007). However,
it is reported that the overall cost for desalination plants using membranes is currently
2.21 times higher than that for water recycling plants (Dolnicar and Schafer, 2009).
Although energy consumption of the plant is dependent on the type of source water, it is
also reported that the energy consumption for surface and brackish water desalination
and wastewater treatment is 0.4-1.0 kWh∙m3, whereas that for seawater desalination is
3-3.4 kWh∙m-3.
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It is therefore clear that water recycling plants using membranes have lower energy
consumption (or higher energy efficiency) and require less cost than seawater
desalination. This indicates that water recycling emits less carbon dioxide and provides
less impact on the global environment than seawater desalination. It is thus clear that
water recycling using membranes is currently more economical and environmentally
friendly than seawater desalination.

2.1.3

Membrane technology in water and wastewater treatment

The pressure-driven membrane technology has been widely used in water and
wastewater treatment. According to Crittenden et al., (2005, p.956), the membrane
process is defined as ―modern physicochemical separation technologies that use
differences in permeability (of water constituents) as a separation mechanism‖. Four
types of pressure-driven membrane processes are typically used in water and
wastewater treatment. Low pressure-driven membranes are MF and UF membranes,
while high pressure-driven membranes are NF and RO membranes (Belfort et al., 1994;
American Water Works Association et al., 1996; Crittenden et al., 2005).

A schematic view of the membrane separation process is illustrated in Figure 2-3.
During the membrane filtration, a feed stream is pumped against the permeable
membrane surface by the driving pressure (Crittenden et al., 2005).

As a result,

permeable particles in the feed can pass through the membrane pores. For instance,
smaller particles than the pore size of a membrane can pass through the pores. On the
other hand, impermeable particles in the feed are rejected by the membrane. For
example, larger particles than the pore size cannot pass through the membrane pores.
Eventually, the clean water is produced as a permeate stream containing few particles,
which are permeable. Wastes are also released as a concentrate or retentate stream
containing a large amount of impermeable particles. Therefore, a permeate stream is of
low concentration but a retentate stream is of high concentration.

Membranes can provide the higher removal capacity and more advantages over
conventional treatment processes (Crittenden et al., 2005; Wang et al., 2006; Lee et al.,
2008). The membrane systems can be operated at lower energy consumption, use less
space (typically occupying 33% less space), and require less chemical dosage with a
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fully automated operation (Pearce, 2007a; Lee et al., 2008).

These advantages

contribute to decreases in waste generation and costs for plant operations and
maintenance. Therefore, a remarkable market growth of membranes has been found for
application in water and wastewater treatment (Chellam et al., 1998; Lee et al., 2008).

Figure 2-3. A schematic view of the membrane separation process (adapted from
Crittenden et al., 2005; Oak Ridge National Laboratory, n.d.)
In particular, the market of the RO technology has been expanding in many industries.
For example, the RO process is commonly employed for brackish or seawater
desalination, drinking water treatment, wastewater reclamation, the chemical and
biomedical industry, and the food and beverage industry (Hoek et al., 2008; Lee et al.,
2008; Pearce, 2008b). This growth has been achieved by the great improvements of the
membrane material, which allows RO membranes to be more durable with excellent
chemical tolerance and physical resistance than the traditional cellulose acetate
membranes (Ho and Sirkar, 1992).

Furthermore, the RO process often utilises the MF or UF processes as a pre-treatment.
The market growth of both processes was estimated to be worth US$1.5 billion in 2006
and it is predicted to become greater in the near future (Pearce, 2007c). In particular,
MF membranes can achieve more stable performance in eliminating colloidal particles
due to its high removal efficiency comparing conventional processes (Ho and Sirkar,
1992; Belfort et al., 1994; American Water Works Association et al., 1996; Crittenden
et al., 2005). The MF process has also been widely used for the pre-treatment of the NF
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and RO processes in many plants treating surface water, seawater, brackish water,
municipal secondary effluent and industrial effluent (Xie et al., 2008).

2.1.4

Fouling issues in membrane technology

Despite the many advantages, the major problem of membrane processes involving MF
is membrane fouling (Ho and Sirkar, 1992; Crittenden et al., 2005; Lee et al., 2008;
Marselina et al., 2009). Membrane fouling causes a loss of the filtration performance
due to the accumulation of particles on and within the membrane structure. As a result,
it is necessary to clean folded membranes more frequently. When fouling is very
serious, it is necessary to replace all fouled membranes for the restoration of the
performance degradation. Eventually, fouling increases energy consumption and plant
operating and maintenance costs.

For the minimisation of these fouling impacts, it is necessary to understand the fouling
mechanisms and the effects of membrane fouling to the filtration performance during
the operation. However, the prediction of the performance degradation due to fouling
and fouling behaviour under practical conditions are still not understood well.
Nevertheless, a better fouling control can optimise the plant and reduce both energy
consumption and associated costs due to the lower rate of membrane fouling.

2. 2

Membrane Fouling on the MF Process

2.2.1

Definition of the MF process

The definition of the MF process is referred to as the process of separating micron-sized
particles from fluids using a membrane or other filter medium (Ho and Sirkar, 1992;
Crittenden et al., 2005). The mean pore size of MF membranes is generally in a range
of 0.02 to 10μm (Ho and Sirkar, 1992). Particles significantly larger than this size
should be removed in a pre-treatment of the MF process, such as a screen, or
clarification, flotation (Pearce, 2007b). Otherwise, these large particles may cause
serious fouling and damage the membrane material.
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The MF membrane removes contaminants or particles from a feed stream by several
separation mechanisms. The dominant separation mechanism of the MF process is
sieving, which is also called straining or size exclusion (Ho and Sirkar, 1992; American
Water Works Association et al., 1996; Crittenden et al., 2005). Sieving occurs when
particles in a feed stream are larger than the membrane pore size. In this case, particles
are physically blocked from passing into or through a membrane and they retain on the
membrane surface.

2.2.2

Mechanisms of membrane fouling

During the filtration, the accumulation of particles near on or within the membrane
causes a reduction of the filtration performance. This phenomenon is recognised as
membrane fouling. Ho and Sirkar (1992, p.460) define membrane fouling as ―the
deposition of matter on or in the membrane such that membrane performance is
altered.‖

There are different fouling mechanisms depending on the conditions of the deposited
particles and type of the particles.

The major fouling mechanisms affecting the

filtration performance on the MF process are pore blockage, adsorption, and cake or gel
formation as shown in Figure 2-4 (Lee et al., 2008; Marselina et al., 2009). Pore
blockage occurs due to blocking the opening pores of the membrane during a sieving
mechanism, while adsorption is caused by constricting the pores due to adsorptive
particles. These phenomena cause a reduction in the membrane filtration area and the
membrane permeability (American Water Works Association et al., 1996). As a result,
the resistance to the flux increases and eventually the filtration performance decreases
(Noble and Stern, 1995; American Water Works Association et al., 1996; Crittenden et
al., 2005).

In addition, cake formation occurs when particles accumulate on the membrane surface
and make a cake or gel layer (Noble and Stern, 1995; American Water Works
Association et al., 1996; Crittenden et al., 2005). Cake formation provides an additional
filtration capability (Belfort et al., 1994; American Water Works Association et al.,
1996; Crittenden et al., 2005). However, it also provides additional resistance to the
flow, which causes a reduction of the filtration performance.
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Figure 2-4. Main fouling mechanisms on a flat-sheet MF or UF membrane (adapted
from Noble and Stern, 1995; Crittenden et al., 2005)
The mechanisms illustrated in Figure 2-4 are explained in detail as follows (Ho and
Sirkar, 1992; Noble and Stern, 1995; American Water Works Association et al., 1996;
Crittenden et al., 2005);
a) Pore blockage (pore plugging or sealing): During the filtration, particles
initially start to deposit on the membrane surface. As a result, these
particles partially or fully seal the membrane opening pores. This results
in a decrease in membrane filtration area and an increase in membrane
resistance.

b) Adsorption (pore constriction): Adsorption occurs when particles or
dissolved matters adsorb to a wall of pore tubes in a membrane. It also
causes a reduction of membrane filtration area by narrowing the pore
openings, which results in an increase in membrane resistance.
Adsorption is irreversible. In addition, when particles deposited on a
membrane bridge the pore openings, a combination both of pore
blockage and adsorption occurs.

c) Cake formation: During the filtration, particles continuously deposit on
the membrane surface and may form a porous mat on the membrane
surface, called a cake layer.

A cake layer provides an additional

filtration capability and protects the membrane surface from adsorptive
fouling. However, it causes a reduction in the membrane permeability
and provides additional resistance to the flux. In particular, the bottom
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layer of the cakes formed on the membrane surface may also cause
adsorption.

On the other hand, another fouling mechanism can be found during cross-flow filtration
or the NF and RO processes – concentration polarisation. When cake formation occurs
and more particles are transported to the membrane surface during the filtration,
concentration near the membrane increases (Ho and Sirkar, 1992; American Water
Works Association et al., 1996; Song, 1998; Kim and DiGiano, 2009). As a result, a
concentration polarisation layer (CP layer) is formed adjacent on the cake layer. These
phenomena are illustrated in Figure 2-5.

The CP layer provides additional resistance to the flux and causes a reduction in the
filtration performance (Belfort et al., 1994). However, the resistance due to a CP layer
is much smaller and its effect is negligible in comparison to the resistance due to cake
formation during the dead-end MF process (American Water Works Association et al.,
1996; Kim and DiGiano, 2009). On the other hand, a CP layer is one of the significant
fouling mechanisms in the RO process treating salts and small organic matter (Belfort et
al., 1994) or during the cross-flow filtration (Song, 1998; Kim and DiGiano, 2009).

Figure 2-5. A schematic view of the transport of particles in the cross-flow filtration
showing a concentration polarisation boundary layer above the cake layer (adapted
from Kim and DiGiano, 2009)
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2.2.3

Membrane fouling behaviour observed in operating parameters

Membrane fouling is determined by changes in operating parameters during the
filtration. The MF process can be operated under either a constant pressure or a
constant permeate flux (Marselina et al., 2009).

During a continuous operation,

membrane fouling is regarded as either the flux decline under a constant pressure
operation, or the pressure increase under a constant flux operation (Ho and Sirkar, 1992;
American Water Works Association et al., 1996; Mulder, 2003; Chellam and Xu, 2006).

The performance degradation due to membrane fouling can be often observed in the
flux or pressure profiles as illustrated in Figure 2-6.

Under a constant pressure

operation, for example, a rapid flux decline is often observed at the initial filtration
stage, which is caused by pore blockage as shown in Figure 2-6a (Song, 1998;
Crittenden et al., 2005; Lee et al., 2008). After this rapid decline, the gradual flux
decline can be further observed during a long-term filtration due to the gradual growth
of the cake layer. On the other hand, overall pressure drop increases over time due to
membrane fouling under a constant flux operation as can be seen in Figure 2-6b.

In order to minimise the flux decline or the pressure increase, backwash is periodically
employed for membrane cleaning. Backwash is in general undertaken for the removal
of the particles accumulated on the membrane surface by reversing flow to the normal
filtration at various intervals during the filtration (American Water Works Association
et al., 1996; Pearce, 2007b; Mendret et al., 2009). As a result, a loss of the flux is
restored or an increase in the pressure decreases after backwash. These phenomena can
be also seen in Figure 2-6. More details about backwash are described in Section 2.3.2.

When the flux decline or the pressure increase is unable to be restored by backwash,
chemical cleaning is employed (American Water Works Association et al., 1996).
Chemical cleaning can chemically clean the membrane and restore fully or partially a
loss of the filtration performance. More details about chemical cleaning are described
in Section 2.3.3.

Furthermore, membrane fouling is often categorised into reversible or irreversible
fouling by whether the foulants can be removed by cleaning. One definition (American
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Water Works Association et al., 1996; Crittenden et al., 2005) refers that reversible
fouling is a loss of the filtration capacity, which is able to be restored by backwash or
chemical cleaning. In contrast, irreversible fouling is unable to be restored by chemical
cleaning. On the other hand, another study (Marselina et al., 2009) defines irreversible
fouling as the amount of fouling remaining after physical cleaning mechanisms (i.e.
crossflow shear or backwash) while reversible fouling is restored by physical cleaning
mechanisms.

Figure 2-6. Schematics of a loss of the performance due to reversible and irreversible
fouling and partial restorations by backwash and chemical cleaning under (a) a constant
pressure operation, or (b) a constant flux operation (adapted from American Water
Works Association et al., 1996; Crittenden et al., 2005)
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2.2.4

Types of membrane fouling and foulants

Membrane fouling occurs in different ways due to different types of foulants. Foulants
are referred to as particles causing membrane fouling (Lee et al., 2008). Any species in
a feed stream have a potential of membrane fouling, including:
-

Organic compounds due to organic matter and colloids, e.g. humic and fulvic
acids, hydrophilic and hydrophilic materials, proteins, algae, and bacteria

-

Inorganic particles, e.g. salts, clays, iron, manganese and silica

These foulants provide different types of fouling constituents. In the MF process,
membrane fouling can be categorised into three fouling constituents, such as (American
Water Works Association et al., 1996; Pearce, 2007b):
-

particulate fouling due to organic and inorganic compounds

-

dissolved organic fouling

-

biological fouling or biofouling due to bacteria.

On the other hand, scaling or precipitation is one of the major fouling in the RO or NF
process but not a serious issue in the MF process. This is caused by salts, calcium (e.g.
calcium carbonate and calcium sulphate), hydroxides, magnesium, iron and other metals
(American Water Works Association et al., 1996; Pearce, 2007b).

Particulate fouling
Particulate fouling results from plugging or cake formation (Crittenden et al., 2005;
Pearce, 2007b). This is caused by both organic and inorganic compounds including
microbial constituents and biological matter. Particulate fouling due to cake formation
provides additional resistance and causes a decrease in the filtration performance,
however it can be removed by backwash (Crittenden et al., 2005).

In contrast, particulate fouling is a greater concern in RO membranes than in MF and
UF membranes.

The main reason is that a backwash operation is unable to be

undertaken in RO membranes for the removal of the accumulation of particles
(Crittenden et al., 2005). In addition, advanced pretreatment can minimise the rate of
particulate fouling, such as coagulation and filtration using sand, carbon, or other filter
media including MF and UF processes.
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Dissolved organic fouling
One of the most problematic foulants is natural organic matter (NOM). NOM affects
the cohesion of colloids deposited on the membrane.

For example, polyphenolic

compounds, proteins, and polysaccharides can bind together colloids (American Water
Works Association et al., 1996). The deposition of these colloids may stabilise the cake
formation on the membrane surface.

In particular, dissolved organic matter (DOM) is a significant foulant. DOM contains
thousands of different chemicals with a wide range of variable organic matter in natural
water, such as the secretions, excretions, and cellular fragments of plants and animals
(Crittenden et al., 2005; Lee et al., 2008). It has been reported that humic acid, fulvic,
and tannic acid solutions in a feed stream rapidly causes membrane fouling. Even if the
concentration of organic compounds is lower than other inorganic colloids, organic
compounds may cause adsorption and a reduction in the filtration performance
(American Water Works Association et al., 1996).

For the minimisation of dissolved organic fouling, membranes should be chemically
cleaned. The chemical solutions often contain caustics or enzymes to deteriorate or
redissolve organic matter (American Water Works Association et al., 1996).

Biological fouling/biofouling
Bacteria, fungi, and other microorganisms are significant foulants causing biological
fouling or biofouling. When they are transported to the membrane surface, they adsorb
the membrane and create a biological film on the membrane surface – biofilm
(American Water Works Association et al., 1996; Lee et al., 2008). Biofilm usually
contains multiple layers of living and dead microorganisms and their extracellular
products, e.g. heteropolysaccharide, glycoproteins, or lipids. Even a single bacterium
may cause an extensive biological fouling when the sessile population increases at a
high rate.

Biological fouling causes serious problems on a membrane. It results in a reduction in
the filtration performance, degradation of membrane polymers and an increase in
operating and maintenance costs (American Water Works Association et al., 1996).
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Consequently, these phenomena cause a reduction in the membrane life and a loss of the
integrity of the membrane structure. These negative impacts are more serious in RO
membranes than other membranes since a RO membrane has a relatively thin and
fragile membrane surface. However, the adhesion and growth of biological fouling has
not been understood well. Therefore, there is a potential in designing and developing a
new membrane polymer, which can optimise a membrane plant and minimise biological
fouling.

Several methods for controlling biological fouling are employed in membrane systems.
The most common methods involve the use of disinfectants and cleaning agents for
membranes and regular backwash for MF systems (American Water Works Association
et al., 1996). Advanced pretreatment processes, such as, lime clarification at a high pH
condition, coagulation by chemicals, multimedia filtration, cartridge microfiltration and
biocide applications can also decrease the rate of biological fouling. However, these
methods are expensive.

Furthermore, biological fouling control must be undertaken not only during a
continuous plant operation, but also during an extended period of the plant down time
for system maintenance or modifications (American Water Works Association et al.,
1996). Biological fouling control is also necessary when the membrane modules newly
manufactured are stored for a long-term period before installation.

Scaling/precipitation
Scale formation or precipitation occurs when inorganic and organic compounds are
concentrated beyond their solubilities on the membrane (American Water Works
Association et al., 1996; Crittenden et al., 2005). Scale formation causes a decrease in
the water permeability, limits system recovery and permanently damages the membrane
material (Crittenden et al., 2005). A high degree of concentration polarisation also
accelerates scale formation. As mentioned earlier, scale formation is less serious in the
MF process, whereas scaling of salts in the feed water is the most serious fouling in the
RO and NF processes.

The other common scales include calcium (e.g. calcium

carbonate and calcium sulphate), magnesium, iron and other metals.
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Finally, the extent of membrane fouling is also dependent on the characteristics and
concentration of foulants, membrane properties and the operating mode (Lee et al.,
2008). These properties include the membrane material, pore size, charge density,
hydrophobicity, module type, flow direction, and an operating mode, e.g. a constant
flux or constant pressure operation. These fouling factors and others are discussed in
the following sections.

2. 3

Fouling Control and Operating Conditions in a MF Plant

2.3.1

Flow direction – dead-end, cross-flow and direct-flow

The flow direction strongly affects the filtration performance and fouling behaviour.
The MF process is mainly carried out into two types of flow direction: dead-end or
cross-flow filtration (American Water Works Association et al., 1996; Crittenden et al.,
2005). Another flow direction is direct-flow or semi dead-end filtration, which is a
combination both of dead-end and cross-flow filtration.

During dead-end filtration, a feed stream flows perpendicular towards the membrane
surface as shown in Figure 2-7a. Dead-end filtration allows all particles in the feed to
accumulate on the membrane surface (Crittenden et al., 2005). During a continuous
operation, the particles deposited on the membrane surface may form a cake layer,
which grows continuously during the filtration (Ho and Sirkar, 1992). As a result, the
rate of membrane fouling is high since all particles in a feed stream are retained on the
membrane surface (Crittenden et al., 2005; Mendret et al., 2009).

In contrast, during cross-flow filtration, a feed stream flows tangential to the membrane
surface as shown in Figure 2-7b. The tangential flow creates a shear force to the
membrane surface and sweeps the particles retained on the membrane surface toward
the filter exit (Ho and Sirkar, 1992; Song, 1998; Crittenden et al., 2005).

This

phenomenon contributes to a reduction in the continuous growth of a cake layer forming
on the membrane surface.

Therefore, the thickness of a cake layer in cross-flow

filtration does not develop infinitely and remains to be relatively thin after a certain
filtration period (at steady-state). In practice however, a long-term flux decline is
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sometimes observed after the cake build-up has stopped in practical applications (Ho
and Sirkar, 1992). This is probably caused by the cake or membrane compaction and
membrane fouling.

In comparison to dead-end filtration, cross-flow filtration can achieve a much better
fouling control due to effects of shear force (Mulder, 2003).

During cross-flow

filtration, however, the recovery is much lower and energy consumption is much higher
than dead-end filtration (Crittenden et al., 2005). To overcome disadvantages in deadend and cross-flow filtration, a hybrid flow process was developed by combining the
advantages both of filtrations (Mulder, 2003). This is called direct-flow or semi deadend filtration.

During direct-flow filtration, the feed flow is tangential to the membrane surface as
shown in Figure 2-7c. There is no concentrate stream in direct-flow filtration. In
particular, direct-flow filtration is able to maintain a high flux with a very high feed
water recovery (Chellam et al., 1998; Mulder, 2003; Pearce, 2007b; Lee et al., 2008).

Figure 2-7. Schematics of (a) dead-end filtration, (b) cross-flow filtration, and (c)
direct-flow (or semi dead-end) filtration processes (adapted from Ho and Sirkar, 1992;
Crittenden et al., 2005; Pearce, 2007d)
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2.3.2

Backwash

Backwash is periodically undertaken for membrane cleaning. Backwash can physically
remove the particles accumulated on the membrane surface (American Water Works
Association et al., 1996; Pearce, 2007b; Mendret et al., 2009). It is designed for the
removal of loosely attached foulants in a physical process, whereas it is generally
unable to remove adhesive foulants.

A schematic of the backwash process is shown in Figure 2-8. During a backwash
operation, the accumulation of the particles is dislodged from the membrane surface by
reversing the direction of flow through the membrane (American Water Works
Association et al., 1996; Chellam et al., 1998; Crittenden et al., 2005; Pearce, 2007b).
The particles dislodged are removed at the end of backwash operation, which results in
a partial recovery of the filtration performance.

Figure 2-8. A schematic of backwash process on a membrane (adapted from Pearce,
2007d)
However, backwash is not employed in a multi-layered thin-film composite membrane,
which is often found in RO membranes (Crittenden et al., 2005; Pearce, 2007d). This is
because backwash may separate the active layer of thin-film composite membrane from
the support layer, which is known as delamination. In contrast, MF and UF membranes
are capable to be backwashed without any risk of delamination because these modules
are generally made from a single polymer or polymer solution.

In practice, backwash is employed with water and/or compressed air (Ganz, 2003). It is
generally undertaken every 30 to 60 minutes and its duration is approximately 2 to 3
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minutes (American Water Works Association et al., 1996).

For most practical

applications, backwash is fully automated by a programmable logic controller (PLC).
For example, backwash is initiated after a predetermined permeate volume or when the
operating condition exceeds a limit.

Furthermore, air backwash is often employed during the filtration using a hollow fibre
membrane with outside-in configuration. This procedure is summarised in American
Water Works Association et al., (1996) as:
i.

When a backwash operation starts, the permeate water drains the membrane
module. In this step, the valves of feedwater and permeate streams are closed.

ii.

Once the module is drained, air is then introduced at relatively high pressure
(e.g. 60 – 70kPa) through the inner lumen (or void cavity at the inner) of each
fibre.

iii.

When the valve for backwash wastewater is opened, the air pressurised at a 6 – 7
times higher than the atmosphere moves through the membrane from the inside
of each fibre lumen to the outside. This compressed air can remove solids
within the membrane. The air pulse is very rapid, which is only for 2 – 3
seconds. As a result of the interaction between air and membrane, the particles
deposited on the outer wall of fibres are dislodged.

iv.

Feedwater is then fed into the module to sweep the dislodged particles away
from the module. This is undertaken within approximately 30 seconds at a
lower pressure (e.g. 8kPa) to flush or sweep away the dislodged solids.

v.

The wastewater resulting from the backwash process is collected and further
treated for recycling within a membrane system.

It is then discharged to

appropriate surface water, or transported to the head of a wastewater sewage
system.
vi.

Once the above backwash operations finish, the normal filtration cycle starts
again.

2.3.3

Chemical cleaning

Chemical cleaning is undertaken for the partial or full restoration of the filtration
performance when backwash is unable to remove foulants. The methods of chemical
cleaning include chemical wash and Clean-In-Place (CIP) (American Water Works
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Association et al., 1996; Pearce, 2007b). According to Pearce‘s (2007b) categorisation,
chemical wash is used as a maintenance strategy on a periodic basis of between several
times per day to once per week. On the other hand, CIP is used as a restoration strategy
to remove heavy or adhesive fouling (American Water Works Association et al., 1996;
Pearce, 2007b). CIP is normally undertaken between once per several months.

Cleaning solutions for MF membranes are dependent on the membrane material
tolerance to changes in a pH level and resistance to oxidation (Ganz, 2003). For
chemical wash, a low pH solution (e.g. pH 2-3) is used for the removal of cationic
species, whereas a high pH solution (pH 11-12) is used for the removal of organic
material.

In addition, alkali (e.g. sodium hydroxide: NaOH) or chlorine soak can

minimise organic fouling, while acid soak (e.g. hydrogen chloride: HCl, sulphuric acid:
H2SO4, citric acid: C6H8O7) can remove inorganic fouling. Biocide soak (e.g. chlorine:
Cl2, hydrogen peroxide: H2O2, sodium metabisulfite: Na2S2O5) can minimise biofouling. These chemicals are often employed as the CIP solutions. In particular, the
CIP solutions are often heated up for the improvement of the effectiveness of the
cleaning solution.

2.3.4

Membrane module

There are different types of membrane modules used for water and wastewater
treatment. The common membrane modules are a flat-sheet, tubular, spiral wound,
hollow fibre, hollow fine fibre and track etched membrane modules (American Water
Works Association et al., 1996; Crittenden et al., 2005).

In fact, hollow fibre

membranes are commonly employed in MF and UF systems in water and wastewater
treatments (American Water Works Association et al., 1996; Crittenden et al., 2005; Lee
et al., 2008; Kim and DiGiano, 2009). On the other hand, a spiral wound is commonly
used for RO and NF systems.

A hollow fibre membrane is also employed in an industry operated MF plant in the
WWRP which was investigated in this study as described in Chapter 5. Therefore, a
hollow fibre membrane is explained in detail as below.
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A hollow fibre membrane module
A hollow fibre membrane module is illustrated in Figure 2-9. Thousands of fibres are
packed within a single module (American Water Works Association et al., 1996). The
fibres usually have 0.5 to 2 mm of an outer diameter, 0.07 to 0.6 mm of a fibre
thickness (i.e. membrane thickness), and 1200 to 1700 m2∙m-3 of the packing density,
which is referred to as the membrane area per unit volume of the module (Crittenden et
al., 2005). Typically, a single module has between 8 and 70 m2 of the filtration area,
which is designed as 100 to 300 mm in diameter and 0.9 to 5.5 m in length.

There are important advantages in hollow fibre membranes over other modules. Hollow
fibre membranes are capable to employ a backwash operation without delamination
(American Water Works Association et al., 1996; Crittenden et al., 2005; Pearce,
2007d). The integrity of hollow fibre membranes is higher than that of spiral wound
membranes. Additionally, hollow fibre membranes allow a higher solids loading over
other modules. Therefore, it is not necessary to undertake advanced pretreatment for
the prevention of clogging the membrane like spiral wound membranes used in a RO
system.

Figure 2-9. Schematics of a typical hollow fibre membrane showing (a) a single
module and (b) a cross section view of a single fibre with outside-in configuration
(adapted from Crittenden et al., 2005; Pearce, 2007d)
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Outside-in vs. Inside-out configurations
There are two different configurations in hollow fibre membranes: outside-in or insideout. When a hollow fibre membrane is operated with outside-in configuration, the feed
water is pumped against a fibre from the outside of fibres (Crittenden et al., 2005). In
this case, the water passes through from outside to inside. As a result, the particles form
a cake layer at the outer wall of a fibre as shown in Figure 2-10a. In contrast, when a
hollow fibre membrane is operated with inside-out configuration, the opposite direction
of the flow occurs. In this case, the water passes through from inside to outside and the
cake is formed at the inner wall of a fibre as shown in Figure 2-10b.

Figure 2-10. Schematic cross section views of a single hollow fibre with (a) outside-in
configuration and (b) inside-out configuration (adapted from Belfort et al., 1994).
There are advantages and disadvantages in both configurations.

The inside-out

configuration can be operated in either a dead-end or cross-flow mode, whereas the
outside-in configuration is unable to be operated in a cross-flow mode (Crittenden et al.,
2005). The inside-out configuration in dead-end filtration is less expensive to operate
than that in cross-flow filtration. On the other hand, the inside-out configuration in
cross-flow filtration can be operated at a higher flux with a high turbidity and feed flow
rate. This is because the cross-flow velocity sweeps particles retained on the membrane
surface and reduces the rate of the cake formation.

However, the inside-out

configuration can be backwashed by only liquid scour due to difficulties in removing air
from the module (Pearce, 2007e).

Furthermore, the inside-out configuration both

modes suffer from clogging the lumen caused by large solids in feed water (Crittenden
et al., 2005).
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In contrast, the outside-in configuration has more advantages over the inside-out. The
outside-in configuration can be employed of air scour backwash, which creates very
high mass transfer rates in the fibre and remove more foulants than liquid backwash
(American Water Works Association et al., 1996; Pearce, 2007e).

The outside-in

configuration can also treat more water at the same flux since the filtration area of
outside of a fibre is larger than that of inside of a fibre (Crittenden et al., 2005). From
these advantages, the outside-in configuration is more preferable in practical
applications.

Constant flux vs. Constant pressure operations
In practice, hollow fibre membranes are commonly operated under a constant flux
operation rather than a constant pressure operation in water and wastewater treatment
(Chellam et al., 1998; Lee et al., 2008; Kim and DiGiano, 2009; Kincl et al., 2009).
One of the reasons is that it is easy to maintain the designed flux under a constant flux
operation.

Hollow fibre membranes are generally operated with outside-in

configuration in a constant flux, direct-flow mode. This kind of operating conditions
allows the plant operation to be more economical and environmentally friendly.

2.3.5

Types of membrane materials

The filtration performance is strongly affected by the properties of the membrane
material.

The membrane materials commonly employed in water and wastewater

treatment include cellulose acetate (CA), polysulfone (PS), polyethersulfone (PES),
polyvinylidene fluoride (PVDF) and polypropylene (PP) (Crittenden et al., 2005). The
characteristics of these materials are summarised in detail in Table 2-1.

CA is the most hydrophilic materials, which can minimise fouling (Crittenden et al.,
2005). This is because hydrophilic materials, which like contacting with water, are less
sensitive to fouling as mentioned earlier. CA membranes are not expensive and can be
easily manufactured in a wide range of pore sizes. However, CA is not durable. It can
be compressed by pressure and becomes compact. It is also not tolerant to aggressive
cleaning and biological degradation.
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PS and PES are moderately hydrophobic materials and very sensitive to membrane
fouling (Crittenden et al., 2005). On the other hand, PVDF is moderately hydrophobic
materials but has excellent durability and chemical tolerance. Therefore, PVDF has a
low potential of biological degradation. In addition, it is possible to employ aggressive
cleaning in PS, PES and PVDF membranes.

PP is the most hydrophobic materials, but not highly sensitive to fouling (Crittenden et
al., 2005). PP is available for only a MF membrane since it is too hydrophobic to allow
water molecules to pass through the small pores in the other membranes. It is durable,
chemically and biologically resistant but sensitive to chlorine.
Table 2-1. Characteristics of common membrane materials used for water and
wastewater treatment (adapted from Crittenden et al., 2005)

Most
hydrophilic

Polysulfone (PS)/
Polyethersulfone
(PES)
Moderately
hydrophobic

Polyvinylidene
fluoride
(PVDF)
Moderately
hydrophobic

Less sensitive

Very sensitive

Moderate

Moderate

Not allowed

Allowed

Allowed

Allowed

Less durable

Durable

Tolerant

Excellent tolerant

Tolerant to
continuous
exposure to
free chlorine
doses of 1
mg∙L-1 or
lower, which
is able to avoid
biological
degradation

Tolerant to free
chlorine contact
to 200mg∙L-1 for a
short period

Tolerant to free
chlorine to any
concentration

Less tolerant to
chlorine

Sensitive

Excellent tolerant

Excellent
tolerant

Tolerant

Below 4 or
above 8.5

1 - 13

2 - 10

1 - 13

Above 30 ˚C

Below 75 ˚C

Below 75 ˚C

Tolerant to
moderately high
temperatures

n/a

Only available
in MF
membranes

Membrane
materials

Cellulose
acetate (CA)

Hydrophobicity
Sensitivity to
fouling
Aggressive
cleaning
Physical
durability
Chemical
tolerance

Chlorine contact

Biological
degradation
Allowable pH
range
Allowable
temperature
range
Other limits
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Inexpensive
and can be
easily
manufactured

n/a

Excellent
durable
Excellent
tolerant

Polypropylene
(PP)
Most
hydrophobic

Durable
Tolerant

2.3.6

Major fouling factors

Some of membrane properties may accelerate membrane fouling. As mentioned in
Section 2.2.4, dissolved organic matter (DOM) is one of the major foulants affecting
membrane fouling.
hydrophobicity.

One of the major factors causing DOM adsorption is

Hydrophobicity of the membrane material affects the interfacial

tension between the water and material (American Water Works Association et al.,
1996; Crittenden et al., 2005). Hydrophobic materials do not like contacting with water,
whereas hydrophilic materials do.

When components in the water are reasonably

hydrophobic, they tend to deposit at the liquid-solid interface to minimise the interfacial
tension between the water and material (Crittenden et al., 2005).

Therefore,

hydrophobic materials usually have a higher potential of fouling than hydrophilic
materials. In general, hydrophobic membranes may suffer from fouling more than
hydrophilic membranes.

Hydrophobicity or hydrophilicity of a membrane is dependent on the electrostatic
repulsion on the membrane surface. A greater charge density on the membrane surface
is observed at a greater hydrophilicity on the membrane, which can reduce the rate of
membrane fouling due to DOM adsorption (American Water Works Association et al.,
1996; Crittenden et al., 2005). Membranes made of polysulfone, cellulose acetate, or
ceramic, or thin-film composite membranes are generally negatively charged during the
filtration in water and wastewater treatment. Additionally, more than 90 percent of
DOM is negatively charged, such as organic polyelectrolyte, humic and fulvic acids.

Therefore, the greater magnitude of negative charge on both a membrane and DOM
may decrease the rate of membrane fouling (American Water Works Association et al.,
1996; Crittenden et al., 2005). Such a condition decreases a pH level. In contrast,
conditions at a lower magnitude of the charge density may accelerate membrane fouling
due to DOM adsorption.

Furthermore, electrostatic repulsion is associated with an ionic strength and calcium
concentration. Electrostatic repulsion can be reduced at higher ionic strength, which
results in an increase in the rate of membrane fouling (Crittenden et al., 2005). In
addition, calcium ions can contribute to the neutralisation of negative charge on DOM.
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As a result, a higher concentration of calcium can accelerate DOM adsorption and
therefore causes an increase in the rate of membrane fouling and a decrease in the
filtration performance. In particular, conditions with a higher calcium concentration
and a lower pH level increase the rate of the adsorption due to humic materials on
activated carbon and other solids (American Water Works Association et al., 1996).

In summary, membrane fouling due to DOM is accelerated as the following conditions:
-

At a hydrophobic membrane (which does not like contacting with water)

-

At a greater degree of the electrostatic charge

-

At a lower pH level

-

At a higher ionic strength

-

At a higher calcium concentration

2.3.7

A full-scale MF system configuration

As mentioned in the previous section, hollow fibre membranes are commonly employed
in a MF system used for a municipal water treatment. In a full-scale MF system, these
modules are arranged into two system configurations: pressure-vessels systems or
submerged systems (or immersed membranes) (Crittenden et al., 2005). In a pressurevessel system, the module block (e.g. rack, skid or unit) is the basic production unit,
which is designed as a modular array as shown in Figure 2-11a (American Water Works
Association et al., 1996; Crittenden et al., 2005). In contrast, submerged systems
consist of the membrane modules suspended in basins filled with feed water.

In particular, a pressure-vessel system is described in detail here since it is employed in
a practical MF system which has been investigated in this study. As shown in Figure
2-11a, the module block normally consists of 2 to 300 modules based on the designed
plant capacity in a pressure-vessel system (American Water Works Association et al.,
1996; Crittenden et al., 2005). The driving pressure or overall pressure drop can be
controlled by a feed pump, which increases the feed pressure.

A typical driving

pressure ranges from 4 to 100kPa. On the other hand, the permeate pressure remains at
nearly atmospheric pressure. All modules within one unit are arranged in parallel and
operated simultaneously.

34

Furthermore, the MF system consists of several module blocks in parallel. A general
layout from the top view of a typical MF system is illustrated in Figure 2-11b. This
system contains 7 module blocks in array and 1 stand-by block.

Figure 2-11. A full-scale MF system with the pressure-vessel configuration for over
4000m3 per day capacity, showing (a) a schematic view of a block of membrane
modules, and (b) a general layout of a MF plant (adapted from American Water Works
Association et al., 1996)

2.3.8

Disposal of wastes resulting from a MF plant

Wastes resulting from a MF system are specific at each site. These wastes mainly
consist of water and also contain solids, microorganisms and chlorine (American Water
Works Association et al., 1996).

If coagulants or powdered activated carbon are

undertaken as a pretreatment process to a MF system, they also become a component of
waste disposals. The common options of disposals in a practical MF system are:
-

Discharge to a sanitary sewer

-

Discharge to a surface water stream, lagoon or pond

-

Land application

-

Recycling back to source water to the plant

As can be seen in Figure 2-12, many plants have treated wastes resulting from
backwash and chemical cleaning operations before discharging them. It is also found
that a relatively large number of plants have recycled wastes as source water.
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Figure 2-12. Disposal locations of full-scale MF and UF plants (adapted from
American Water Works Association et al., 1996)

2. 4

Summary

This chapter has discussed the background of water recycling and desalination, MF
membranes used for water and wastewater treatment, and the mechanisms of membrane
fouling. It has further discussed fouling factors affecting the filtration performance and
the fouling control methods in the full-scale MF system in water and wastewater
treatment.

In the 21st century, freshwater scarcity is an emerging worldwide crisis that threatens
human activity. The water shortage has been accelerated by the high demand caused by
the rapid population growth and the reduction of rainfall due to climate change (Fane,
2007; Fritzmann et al., 2007; Pearce, 2008b; Kim et al., 2009). Because of this lack of
freshwater, an alternative resource using recycled wastewater or seawater has recently
become a more attractive option.

Large-scale systems for water recycling and seawater desalination have commonly
employed membranes (Dolnicar and Schafer, 2009). Pressure-driven membranes play a
vital role in water treatment and desalination (Fane, 2007).

In particular, MF

membranes can achieve more stable performance in eliminating colloidal particles due
to its high removal efficiency comparing conventional processes (Ho and Sirkar, 1992;
Belfort et al., 1994; American Water Works Association et al., 1996; Crittenden et al.,
2005). The MF process has also been widely used for the pre-treatment of the NF and
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RO processes in many plants treating surface water, seawater, brackish water, municipal
secondary effluent and industrial effluent (Xie et al., 2008).

Despite the many advantages, the major problem of membrane processes involving MF
is membrane fouling (Ho and Sirkar, 1992; Crittenden et al., 2005; Lee et al., 2008;
Marselina et al., 2009). Membrane fouling causes a loss of the filtration performance
over time and eventually increases energy consumption and plant operating and
maintenance costs. There are mainly three major fouling mechanisms during the MF
process: pore blockage, adsorption and cake formation (Ho and Sirkar, 1992; Noble and
Stern, 1995; American Water Works Association et al., 1996; Crittenden et al., 2005).

During a continuous operation, membrane fouling is regarded as either the flux decline
under a constant pressure operation, or the pressure increase under a constant flux
operation (Ho and Sirkar, 1992; American Water Works Association et al., 1996;
Mulder, 2003; Chellam and Xu, 2006). In order to minimise the flux decline or the
pressure increase, backwash is periodically employed for the removal of the particles
accumulated on the membrane surface. When a loss of the performance is unable to be
restored by backwash, chemical cleaning is undertaken for the full or partial restoration
of the performance.

Membrane fouling is categorised into reversible or irreversible fouling by whether the
foulants can be removed by cleaning (American Water Works Association et al., 1996;
Pearce, 2007b). Fouling is also categorised into three fouling constituents during the
MF process: i) particulate fouling due to organic and inorganic compounds, ii) dissolved
organic fouling, and iii) biological fouling or biofouling due to bacteria. The extent of
membrane fouling is dependent on the characteristics and concentration of foulants,
membrane properties and the operating mode (Lee et al., 2008).

In practice, hollow fibre membranes are commonly employed in MF and UF systems in
water and wastewater treatments (Chellam et al., 1998; Lee et al., 2008; Kim and
DiGiano, 2009; Kincl et al., 2009). These membranes are generally operated with
outside-in configuration in a direct-flow, constant flux mode. This kind of operating
conditions allows the plant operation to be more economical and environmentally
friendly.
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3 Review of Filtration Theories and Membrane Fouling
Models
This chapter discusses a review of the theoretical background of fouling models in the
MF process, including the fundamental filtration theory of a porous media and fouling
models for the dead-end MF process. It further discusses the fouling models for the
filtration of compressible particles using a hollow fibre membrane with outside-in
configuration operated under a constant flux, direct-flow mode. This kind of hollow
fibre membranes is often employed in a MF plant in municipal water treatment.

3. 1

Fundamentals in Filtration Theories

3.1.1

Overview

This section discusses the fundamental filtration theories based on Darcy‘s law.
Darcy‘s law has been widely used for a study of membrane filtration, although many
membrane studies do not explain how to derive it from the original Darcy‘s law
commonly used in soil mechanics.

This section introduces the approach to the

application of Darcy‘s law for membrane filtration.

3.1.2

Filtration laws in a porous media

In 1856, Darcy proposed the empirical relationship that the average of the flow velocity
through soils is proportional to the gradient of the total head (Terzaghi and Peck, 1960;
Crittenden et al., 2005; Budhu, 2007) as,
[m∙s-1] ………….………. Eq.3-1
where
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-

vj is the average flow velocity through a porous media [m∙s-1].

-

kj is the coefficient of the permeability [m∙s-1].

-

∆H is a change in the total head [m] over a distance ∆xj [m].

-

j is the flow direction.

This equation was derived from a study of the water flow passing through packed sand
beds (See Figure 3-1).
When the hydraulic gradient is expressed as i=∆H/∆x, Eq.3-1 is rewritten to (Terzaghi
and Peck, 1960; Budhu, 2007),
[m∙s-1] ………….………. Eq.3-2
This equation is commonly known as Darcy‘s law in soil mechanics. Terzaghi and
Peck (1960) also point out that the channels where water molecules move along in the
sand bed have a wide range of irregular cross sections, which make extremely variable
flow velocities. However, the average flow rate passing through such channels is
governed by Eq.3-2, which determines the flow rate passing through straight capillary
tubes with a uniform cross section area.

Figure 3-1. Darcy‘s experience of water flow passing through a packed sand bed,
showing the concepts of hydraulic head and piezometric head associated with linear
flow of water through the sand bed (adapted from Terzaghi and Peck, 1960)

Furthermore, the value k in Eq.3-2 is expressed as an empirical constant referred to as
permeability K [m2] as,
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[m∙s-1] ………….….……. Eq.3-3
where
-

µ is the dynamic viscosity of the fluid [Pa∙s].

-

ρ is the density of the fluid [kg∙m-3].

-

g is the gravitational acceleration [m∙s-2].

By using the permeability K, Eq.3-1 is arranged to,
[m∙s-1] …………..……… Eq.3-4
where ∆P is a pressure drop over a distance ∆x of the sand bed.

In Eq.3-4, the permeability K is often expressed as the resistance to the flow passing
through the sand bed. In addition, when the resistance R is defined as the distance ∆x
over the permeability K as (Orr, 1977),
[m-1] ………..…….…… Eq.3-5

By substituting Eq.3-5 into Eq.3-4, the flow velocity is rewritten as,
[m∙s-1] …………………. Eq.3-6

This equation is Darcy‘s law arranged for membrane filtration.

3.1.3

Darcy’s law for membrane filtration

For the filtration of MF and UF membranes, it is assumed that a flow passes through a
large number of parallel capillary pores in the membrane instead of packed sand beds
(American Water Works Association et al., 1996). In addition, the flow velocity is
often expressed as volumetric flux (J), the driving force is expressed as the overall
pressure drop (∆P) across a membrane and foulants (i.e. cake layer) instead of head
loss, and media characteristics is described as the total resistance (Rtot), which is
inversely proportional to the permeability of a medium (Choi et al., 2005; Crittenden et
al., 2005). Therefore, Eq.3-6 is arranged to,
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[m3∙m-2∙s-1 or L∙m-2∙h-1] ……………. Eq.3-7
where
-

J is the permeate flux [m3∙m-2∙s-1 or L∙m-2∙h-1], which is defined as the permeate
flow rate dV/dt divided by the membrane filtration area Am [m2]. The permeate
flow rate is defined as the filtered volume V [m3] per unit time t [s].

-

∆P is the overall pressure drop across a membrane and foulants (i.e. cake layer)
or a pressure difference between the feed and permeate side [Pa].

-

µ is the dynamic viscosity of the feed stream [Pa∙s].

-

Rtot is the total resistance to the flux [m-1].

Many studies have proposed the fouling models of the MF and UF processes based on
Eq.3-7 (Davis, 1992; Ho and Sirkar, 1992; Belfort et al., 1994; Chellam et al., 1998;
Crittenden et al., 2005; Kim et al., 2008; Lee et al., 2008; Kim and DiGiano, 2009).
This equation suggests that membrane fouling is indicated by an increase in the overall
pressure drop ∆P under a constant flux operation or a decrease in the flux J under a
constant pressure operation (Lee et al., 2008). However, Crittenden et al., (2005) point
out that a non-linear relationship between the flux and overall pressure drop has been
observed in practice.

On the other hand, for higher-pressure driven membranes such as RO and NF
membranes, Eq.3-7 must account for the effects of osmotic pressure (Ho and Sirkar,
1992). However, osmotic pressure is negligible in the MF process since the particles
removed from the solute are larger than the solute.

The filtration performance is also expressed as the specific permeate flux related to
pressure, SPFp (Xie et al., 2008):
[m3∙m-2∙s-1∙Pa-1] ……….. Eq.3-8

This equation is proportional to permeability, or inversely proportional to the total
resistance. During continuous filtration, the value SPFp decreases over time due to
membrane fouling.

This is caused by the flux decline under a constant pressure

operation or the pressure increase under a constant flux operation.
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3.1.4

Total resistance

The total resistance in Eq.3-7 is generated by both the clean membrane resistance and
the effects of membrane fouling. Fouling is caused by the accumulation of the particles
due to pore blockage, adsorption and/or cake formation (American Water Works
Association et al., 1996). There are several types of total resistance models in the
literature based on different fouling mechanisms.

One example is that the total

resistance is considered both of the membrane resistance and the fouling resistance
during membrane filtration (Choi et al., 2005; Crittenden et al., 2005; Lee et al., 2008;
Xie et al., 2008).

In this case, the fouling resistance is described as the sum of

reversible and irreversible fouling resistance components (Rrev and Rirrev, respectively),
which is given by,
[m-1] ………………….… Eq.3-9
where
-

Rm is the membrane resistance [m-1].

-

Rf is the fouling resistance [m-1].

-

Rrev is the reversible fouling resistance [m-1].

-

Rirrev is the irreversible fouling resistance [m-1].

In the literature, it is considered that cake formation is the major fouling mechanism
during the dead-end MF process since sieving is dominant (Ho and Sirkar, 1992;
American Water Works Association et al., 1996; Crittenden et al., 2005; Kim and
DiGiano, 2009). Therefore, most past studies have used only the cake resistance as the
fouling resistance during the dead-end MF filtration (e.g. Rf  Rc). In this case, the
total resistance accounts for both the membrane resistance and cake resistance, but does
not involve the resistance due to pore blockage and adsorption. By combining Eq.3-7
and Eq.3-9, the flux passing through the cake layer and the membrane is expressed as,
[m3∙m-2s-1 or L∙m-2∙h-1] …… Eq.3-10
where Rc is the cake resistance [m-1].
This equation can be seen as fouling models in many studies of dead-end or direct-flow
filtration (Ho and Sirkar, 1992; Belfort et al., 1994; Chellam et al., 1998; Crittenden et
al., 2005; Lee et al., 2008).
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The process of the cake formation on a flat-sheet membrane during the dead-end
filtration is illustrated in Figure 3-2. During dead-end filtration, a feed stream is pushed
against the surface of the membrane by the driving pressure or the overall pressure drop
∆P. Some particles presented in the feed are rejected by the membrane and make a cake
layer on the membrane surface with a cake thickness δc_flat (e.g. on a flat-sheet
membrane). This cake layer provides additional resistance to the flow, namely the cake
resistance Rc.

Only permeable particles can pass through the membrane pores.

Consequently, a feed stream is highly concentrated, whereas a permeate stream is of
low concentrated.

Figure 3-2. A schematic of cakes formed on a flat-sheet, dead-end membrane, showing
the concept of flow passing through both cake formation and membrane during the
filtration (adapted from Ho and Sirkar, 1992)

In this study, the overall pressure drop ∆P is defined as a pressure drop imposed across
foulants (i.e. cake layer) and the membrane. This is based on the definition presented
by Ho and Sirkar (1992). Then, ∆P is described by,
[Pa] ….………. Eq.3-11
where
-

∆Pm is the transmembrane pressure or a pressure drop across a membrane [Pa].

-

∆Pc is a pressure drop imposed across foulants (e.g. cake layer) [Pa].
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Furthermore, ∆P is simply determined by subtracting the permeate pressure from the
feed pressure:
[Pa] ….………. Eq.3-12
where
-

Pf is the feed pressure [Pa]

-

Pp is the permeate pressure [Pa].

These two pressures (Pf and Pp) can be easily measured during the filtration in practice
(Ho and Sirkar, 1992).
In contrast, ∆P defined in Eq.3-12 is often called transmembrane pressure in the
literature (Davis, 1992; Chellam and Xu, 2006; Kim and DiGiano, 2009; Marselina et
al., 2009; Mendret et al., 2009). In this study, however, the definition of transmembrane
pressure is referred to as a pressure drop across a membrane, ∆Pm (Ho and Sirkar, 1992;
American Water Works Association et al., 1996; Schäfer, 2001) or the differential
pressure between the feed and permeate sides of a membrane (Crittenden et al., 2005).

On the other hand, Listiarini et al., (2009) describe the fouling resistance involving
resistance components due to pore blockage, adsorption and cake formation (Rpb , Rad ,
and Rc , respectively). Since each resistance component contributes to an increase in the
total resistance, Eq.3-7 is rewritten by,
[m3∙m-2s-1 or L∙m-2∙h-1] …….…… Eq.3-13

In addition, Listiarini et al., (2009) demonstrated that the cake resistance and clean
membrane resistance were dominant factors affecting the total resistance. On the other
hand, they found that the resistance due to adsorption was small and the resistance due
to pore blockage was negligible in their dead-end NF membrane experiment. Their
findings support the assumption in Eq.3-7 that cake formation is a dominant fouling
mechanism. However, these findings were derived from a bench-scale, short-term
filtration of a few known suspensions without backwash. This filtration condition is
quite different to that in a full-scale practical application during the filtration with
regular backwash. Therefore, their findings may not represent the fouling mechanisms
in a practical application of treating more complex suspensions with regular backwash.
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To the author‘s knowledge, there is currently no published paper in the literature on
investigating the effects of the resistance components due to different fouling
mechanisms during the long-term filtration with regular backwash.

The fouling

behaviour in such operating conditions may be more complex and quite different to the
findings derived from a simplified controlled experiment.

Therefore, it is questionable to use only the cake resistance as the fouling resistance
without accounting for the effects of pore blockage and adsorption (as Eq.3-10). For
the assessment of the filtration performance in practical applications, it may be
necessary to consider the effects of three fouling mechanisms: pore blockage,
adsorption and cake formation.

3.1.5

Membrane resistance

There are several models to describe the membrane resistance in the literature. In
practice, the membrane resistance Rm is generally determined as the clean membrane
resistance through a bench-scale experiment using clean water and a new, clean
membrane (Belfort et al., 1994; Kim and DiGiano, 2009). For example, a commercial
membrane has Rm = 2.5×1012 m-1, which is MEMCOR M10C hollow fibre membrane
made of polypropylene (Brown, 2009, pers. comm.). During the filtration of clean
water, it can be assumed that there is no effect of any fouling mechanisms on the new,
clean membrane (Listiarini et al., 2009). As a result, the overall pressure drop ∆P does
not involve a pressure drop due to foulants but involves only a pressure drop across the
membrane. Therefore, the total resistance only relies on the resistance due to the
membrane itself and it is simply found by Eq.3-7 as,
[m-1] …………..…… Eq.3-14

Furthermore, the membrane resistance is theoretically described by the Carman-Kozeny
equation. The membrane resistance Rm is therefore expressed by (Ho and Sirkar, 1992),

[m-1] ………………… Eq.3-15
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where
-

Bm is the constant value, which is dependent on the membrane morphology and
pore structure.

-

εm is the membrane porosity, which is the void membrane volume divided by the
membrane total volume.

-

Sm is the void (pore) surface area, which is divided by the solids volume of the
membrane [m-1].

-

δm is the membrane thickness [m].

The membrane resistance Rm is often assumed to remain constant during filtration,
however it increases with time due to membrane fouling and membrane compaction
(Ho and Sirkar, 1992; Kim and DiGiano, 2009). In the author‘s understanding, if the
membrane resistance is assumed to be constant during the filtration, it is necessary to
involve resistance components due to pore blockage or adsorption into Eq.3-7
depending on the extent of an increase of the membrane resistance.

On the other hand, Kim and DiGiano (2009) states that the membrane resistance might
be negligible in practical MF and UF applications since the cake resistance increases
much larger with time. However, they did not show any example of the cake resistance
and membrane resistance observed in a practical application. Therefore, it is impossible
to confirm if this assumption is reasonable, unless further resistance information is
available from practical applications.

In summary, the clean membrane resistance can be simply measured through a benchscale filtration of clean water and a new, clean membrane. It has been reported that the
membrane resistance increases with time due to membrane fouling and membrane
compactions.

In contrast, most of the studies have assumed that the membrane

resistance is held constant during filtration since its increase is much smaller than that
of the cake resistance. However, there is currently no published paper in the literature
on the effects of the membrane resistance and other resistance components observed
from a practical application. It is therefore necessary to further investigate changes in
each resistance component during a long-term filtration with backwash.

For the

development of a more practical model, it is also necessary to account for the effects of
three major fouling mechanisms: pore blockage, adsorption and cake formation.
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3.1.6

Temperature effects on viscosity

The dynamic viscosity greatly affects the flux. It is dependent on temperature, which is
defined as (Cengel and Cimbala, 2006),
[Pa∙s] …..…………… Eq.3-16
where
-

T is an absolute fluid temperature [K].

-

a, b, and c are experimentally determined constant. For water, the values a =
2.414×10-5 [N∙s∙m-2], b = 247.8 [K], and c = 140 [K]. The results are in less than
2.5 per cent error in viscosity in the temperature range of 0 to 370 [˚C].

Too high or too low temperatures may damage membrane material. For instance, a high
feed temperature causes swelling of the membrane material (Crittenden et al., 2005).
Some manufacturers provide temperature correction formulas that account for changes
in both the water viscosity and material properties for the specific site.

In this study, the following specific model was used for the correction of the effects of
temperature over the viscosity. This model is provided by manufacturer for the MF
plant in the WWRP, which is discussed in detail in Chapter 5. This model describes
that the dynamic viscosity measured at the feed water is standardised to that at the
standard temperature 20 ºC (Veolia Water Systems, 2005a).
[Pa∙s] ..… Eq.3-17

where T(t) is a measured temperature at the feed [ºC] at time t [s]. This model is valid
for water in the temperature range of 0 to 40ºC.

3.1.7

Fouling models in early studies

The fouling models in early studies are limited to a simplified operating condition. In
previous studies, the fouling model for a constant flux operation is often expressed as
the flux decline over filtration time by using the simple mechanisms of membrane
fouling (American Water Works Association et al., 1996; Crittenden et al., 2005;
Zularisam et al., 2006). These models were derived from the classical filtration models
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developed by Hermia (1982), which are based on four different fouling mechanisms,
such as:
-

Complete pore blocking model (pore blockage)

-

Standard pore blocking model (adsorption)

-

Intermediate pore blocking model (a combination both of pore blockage and
adsorption)

-

Cake formation model

These models are limited only for the dead-end filtration using a flat-sheet membrane
operated under a constant pressure operation in a short-term filtration (Song, 1998;
Crittenden et al., 2005).

3. 2

Cake Filtration Theories and Cake Characteristics

3.2.1

Overview

When the cake resistance is considered as a dominant fouling mechanism, the cake
filtration models are applicable during the dead-end MF process. Past studies have
developed several cake filtration models using different cake resistance formulas. This
section discusses the cake resistance models for a flat-sheet membrane during the deadend filtration. It also describes two definitions of specific cake resistance, a power law
for cake compressibility, and cake characteristics observed in past studies.

3.2.2

Models for incompressible cakes by the Carman-Kozeny equation

This section discusses the models for the dead-end filtration of incompressible particles.
When a cake forming on the membrane is incompressible, its porosity and resistance are
independent to the pressure drop (Ho and Sirkar, 1992; Belfort et al., 1994). In this
case, the cake resistance Rc is expressed by Carman–Kozeny equation (Davis, 1992; Ho
and Sirkar, 1992; Belfort et al., 1994; Kim and DiGiano, 2009) :
[m-1]
(for incompressible cakes on a flat-sheet membrane) ...... Eq.3-18
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where
-

Bc is a constant value.

-

εc is the void fraction of the cake or cake porosity.

-

Sc is the specific surface area, which is the solid surface area per unit volume of
solids in the cake [m-1].

-

δc_flat is the thickness of cakes formed on a flat-sheet membrane [m].

This equation is the same form as Eq.3-15. If the particles in the feed have a radius rp
[m] and diameter dp [m], Davis (1992) and Ho and Sirkar (1992) reported that Bc=5.0,
Sc= 3/rp or Sc= 6/dp, and εc≈ 0.4 for rigid spherical particles. In addition, Kim and
DiGiano (2009) reported that many studies empirically observed Bc≈ 5.0 for granular
media filtration and Bc≈ 0.3 at the maximum packing density of rigid spherical particles.
By substituting Sc=6/dp into Eq.3-18 can be rewritten to:
[m-1]
(for incompressible cakes on a flat-sheet membrane) .……… Eq.3-19

When this equation is used, it is necessary to determine the particle size and porosity of
the suspension. In practice however, a feed stream in wastewater treatment composes
various suspensions over a wide range of size, physical, chemical and biological
characteristics. These particles may have a more complex structure rather than a rigid
spherical shape under controlled experiments and may be deformable. It is therefore
difficult to measure the particle porosity and radius in practical applications.
Furthermore, the cake resistance increases with time due to the cake growth and
compression (Ho and Sirkar, 1992). Thus, it may be impossible to determine the cake
resistance in practical applications by using Eq.3-18 or Eq.3-19.

3.2.3

Models derived from the specific cake resistance

In the literature, a specific cake resistance per unit cake thickness is defined based on
the assumption that the cake resistance is proportional to its thickness δc_flat for a flatsheet membrane (Ho and Sirkar, 1992; Belfort et al., 1994; Chellam et al., 1998):
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[m-2] (for incompressible cakes on a flat-sheet membrane)
…………………….….... Eq.3-20
where αcl is the specific cake resistance per unit thickness per unit membrane filtration
area [m-2].
By combining Eq.3-19 and Eq.3-20, αcl is also defined by,
[m-2] ……………..….... Eq.3-21

The cake permeability Kc is also expressed as the same form as Eq.3-5.

The

permeability K in Eq.3-5 is replaced to Kc, the distance ∆x is replaced to the cake
thickness δc_flat and the resistance R becomes the cake resistance Rc as:
[m2] …………..……..… Eq.3-22

Furthermore, alternative quantity of the specific cake resistance is often defined based
on a mass balance. When all particles in a feed stream are used for the cake formation
on the surface of a flat-sheet membrane during dead-end filtration (in a finite boundary),
the specific cake resistance is defined as (Ho and Sirkar, 1992; Chellam et al., 1998;
Kincl et al., 2009; Marselina et al., 2009),
[m-1] ………………… Eq.3-23
where
-

αcm is the specific cake resistance [m∙kg-1] per unit mass deposited per unit the
membrane filtration area Am [m2].

-

Mc is the mass of cakes deposited on the membrane [kg].

When the cake is formed on a flat-sheet membrane, the mass is defined by,
[kg]
(for a flat-sheet membrane) ………… Eq.3-24
where
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-

Ccake is the concentration of particles forming the cake [kg∙m-3].

-

Vcake is the volume of the cake [m3].

-

φc is the volume fraction of the cake defined by the volume of particles forming
the cake divided by the sum of the volume both of voids and particles in the
cake, (φc=1-εc).

By combining Eq.3-23 and Eq.3-24, the cake resistance is also expressed as (Belfort et
al., 1994; Crittenden et al., 2005; Kim and DiGiano, 2009),
[m-1] (for a flat-sheet membrane) …… Eq.3-25

The relationship between the two definitions of specific cake resistances based on
thickness and mass (αcl and αcm, respectively) is given by substituting Eq.3-20 into Eq.325:
[m-2] ……………….….. Eq.3-26

Additionally, a theoretical value of αcm by substituting Eq.3-26 into Eq.3-19 using the
relationship of φc=1-εc:
[m∙kg-1] ……………..… Eq.3-27

In summary, several expressions can be found in the cake resistance models in the
literature. However, these models are derived from cakes forming on a flat-sheet
membrane. When they are applied for the cakes forming on a hollow fibre membrane,
it is necessary to modify them for a cylindrical geometry. This is discussed in detail in
Section 3. 3.

3.2.4

Compressibility of the cake

The fouling models discussed above are only for incompressible cakes and do not
account for the effects of compressible cakes. However, it is necessary to account for
the compressibility during the filtration of secondary effluent, which may contain
various suspensions with different compressibility over a wide range of physical,
chemical and biological characteristics. When the diameter of a particle is very small
such as less than 10μm, such particles may become flocculated suspensions and tend to
form highly compressible cakes on the membrane (Tiller and Khatib, 1984).

In
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contrast, the diameter is larger than 100μm, such particles may become discrete and
tend to form less compressible cakes.

Under a constant flux operation, it is necessary to apply a higher pressure to maintain
the designed flux since the total resistance increases with time due to membrane fouling
(Chellam and Xu, 2006). When more particles are accumulated on the membrane,
cakes forming on the membrane surface can be compressed by the consolidation,
movement of fines into existing voids, and deformation of individual particles
associated with an increase in pressure. During the filtration of secondary effluent or
natural water, the particles forming cakes may be compressible.
If the particles forming cakes are compressible, the specific resistance per unit mass αcm
increases with an increase in overall pressure drop ∆P (Chellam et al., 1998; Kim and
DiGiano, 2009). This behaviour is often described by a power law in many studies in
water and wastewater treatment (Davis, 1992; Belfort et al., 1994; Chellam et al., 1998;
Kim and DiGiano, 2009; Listiarini et al., 2009; Marselina et al., 2009; Mendret et al.,
2009).
[m∙kg-1] (for water and wastewater treatment)
………………………….. Eq.3-28
where
-

αco is the coefficient of the specific cake resistance per unit mass [m∙kg-1∙kPa-S].

-

S is the index of the cake compressibility, which may vary with time of filtration
due to changes in the feed water quality.

This power law is based on an empirical relationship.

Cakes are regarded as

incompressible when S is zero, while they are considered as highly compressible when
S is a high value (Davis, 1992; Mendret et al., 2009). Both parameters αco and S are
empirically constant while the feed water quality is not changed.
The relationships between the overall pressure drop ∆P, time t, and the index of the
cake compressibility S are theoretically shown in Figure 3-3.

The filtration of

compressible particles (S>0) shows a more rapid, non-linear increase in the overall
pressure drop than those of incompressible particles (S=0) (Kim and DiGiano, 2009).
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For this reason, the filtration of compressible particles is necessary to clean the
membrane more frequently (e.g. backwash) than that of incompressible particles
because ∆P will reach to the allowable maximum level more rapidly.

In addition, the same relationships have been observed in a bench-scale experiment
treating of known suspensions, which was demonstrated by Chellam and Xu (2006).
During the filtration of coagulated colloids, the overall pressure drop increased in a nonlinear, concave upward fashion with the volume filtered except for the filtration under a
low flux operation (See Figure 3-4).

Figure 3-3. Comparison of constant-flux, dead-end filtration for compressible and
incompressible cake layers (adapted from Kim and DiGiano, 2009)

Figure 3-4. Pressure increased with an increase in permeate volume during constant
flux, dead-end MF of coagulated natural colloidal matter, which are compressible
(Chellam and Xu, 2006)
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3.2.5

Cake characteristics observed during the filtration of natural water

There are only a few studies on the cake characteristics observed during the filtration of
natural water. For untreated natural water, Chellam et al., (1998) have reported that the
index of the cake compresibility S was 0.65 and the specific cake resistance per unit
mass αcm was 0.46 to 8.22×1014 m∙kg-1. In their filtration experiment, 2-3 hollow fibre
membranes were employed with outside-in configuration under a constant flux
operation with regular backwash for a relatively long-term period, such as more than
5000 hours. In another study, Chellam and Jacangelo (1998) have also found that S was
0.93 and the coefficient of the specific cake resistance per unit mass αco was 7.684×1013
m∙kg-1∙kPa-3 during the filtration of untreated surface water in a pilot-scale experiment.

These studies proveded by Chellam and his co-workers (Chellam and Jacangelo, 1998;
Chellam et al., 1998) are important in the view of the practical operating condition
treating of natural water. Their operating condition (i.e. hollow fibre membranes with
outside-in configuration operated under a constant flux) can be often found in practical
applications in wastewater treatment (Chellam et al., 1998; Lee et al., 2008; Kim and
DiGiano, 2009; Kincl et al., 2009).

However, the quality of their feed water was relatively low because no pre-treatment
was undertaken (Chellam and Jacangelo, 1998; Chellam et al., 1998). In the author‘s
understanding, this is one of the reasons that Chellam and his co-workers assumed the
high volume fraction of particles forming cakes (φc=0.8) for the prediction of cake
characeteristics (Chellam and Jacangelo, 1998; Chellam et al., 1998). Treated natural
water or secondary effluent is of a better water quality with lower concentration of
particles in comparison to their untreated natural water. In this filtration, it is assumed
that the volume fraction of particles forming cakes may be much lower than their
assumption.

On the other hand, Chellam and Xu (2006) have reported that S=0.72 or 0.73 during the
filtration of treated surface water under a constant pressure or a constant flux operation,
respectively. These results were obtained from a bench-scale, short-term experience (i.e.
up to 2.5 hours filtration). Therefore, these compressibility values are unable to be
compared to their past studies (Chellam and Jacangelo, 1998; Chellam et al., 1998) due
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to different operating conditions. In addition, Chellam and Xu (2006) found that the
cake morphology is the dominant factor to determine the specific cake resistance and
compressibility during the filtration of coagulated natural colloids. They also found that
the cake morphology is greatly associated with the overall pressure drop, however it is
independent on the operating mode such as a constant flux or constant pressure
operation.

Other findings of Chellam and Xu (2006) include that the rate of membrane fouling
increases with an increase in the flux during the filtration. This finding suggests that the
lower flux operation is able to minimise membrane fouling and then avoid frequent
backwash. This may explain the reason why a reduction in the rate of membrane
fouling has been observed under a lower flux operation during the MF process treating
of compressible particles.

Furthermore, Mendret et al., (2009) concluded that it is currently difficult to compare
the results or observations of the cake characteristics observed from different studies.
This is because the cake characteristics are associated with an increase in pressure but it
have been evaluated in many different operating conditions. Through the numerical
simulations, Kincl et al., (2009) obtained the similar conclusion that it is currently
difficult to compare their simulation results to the other models or empirical
observations since different model parameters or operating conditions have been used.

The classification of the index of cake compressibility is summarised by Kim and
DiGiano (2009) as shown in Table 3-1. In comparison to this classification, it can be
found that the index of the cake compressibility observed in past reports are categorised
into highly compressible.

These past studies are also summarised in Table 3-2.

However, it is unable to conclude that these results are typical in natural water filtration
on long-term basis because different operating conditions were undertaken.
Table 3-1. Classification of the index of the cake compressibility (adapted from Kim
and DiGiano, 2009)
Cake characteristics
Incompressible
Moderately compressible
Highly compressible
Super compressible

Compressibility (S)
0
0.4 to 0.7
0.7 to 0.8
Over 1
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Table 3-2. Cake characteristics observed in past studies during the filtration of natural water
References
Sorensen and
Sorensen
(1997)

Operating condition/
Experimental
methods
Bench-scale
60s filtration time
hollow fibre
membrane

Feed water quality

Operating mode

Specific cake
Index of cake
resistance per
compressibility
unit mass

Filtered activated sludge
from wastewater treatment
plant

Constant pressure

n/a

Chellam et
al., (1998)

Pilot-scale
5350h filtration time
2 3hollow fibre
membranes

Untreated natural water
17 NTU
φf=2.61 6.82×10-6

Constant flux with
regular backwash

Chellam and
Jacangelo
(1998)

Pilot-scale
2 CMF Units

Untreated surface water
1.3NTU

Constant flux with
regular backwash

S=0.93

Chellam and
Xu (2006)

Bench-scale
1 2.5[hr] run time
Track-etched
membrane

Constant flux

S=0.73

Treated natural water
Constant pressure

S=0.72

Numerical simulation
hollow fibre
membrane

Model input parameters
Feed concentration =
5kg∙m3
Particle density =
2071kg∙m3

Kincl et al.,
(2009)
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Constant flux

2.0 7.0 ×1012
m∙kg-1

S=0.65
0.46
(medium value 8.22×1014
from the model) m∙kg-1

Model
validation
S=0, 0.3, 0.6
and 0.9

7.685×1013
m∙kg-1∙kPa-S
8.59×1012
m∙kg-1∙kPa-S
8.37×1012
m∙kg-1∙kPa-S
2.87×10
m∙kg-1

14

Other parameters

n/a
- the volume fraction of
particles forming the
cake was assumed
(φc=0.8)
- pressure values were
calculated from the
model
n/a
n/a
n/a
- Porosity of the cake
was assumed (εc=0.749)
- Max. of cake
thickness was estimated
at 13µm after 40s
filtration

3.2.6

Cake characteristics observed during the filtration of known suspensions

Other studies on cake characteristics have been investigated under a limited operating
condition. Most studies were evaluated during the bench-scale filtration treating of only
a few known suspensions. Such operating conditions may be quite different as those in
practical applications treating of secondary effluent. For example, Benkahla et al.,
(1995) have reported that the cake resistance was 0.72×1011 m-1 and its thickness was
0.54 mm at the end of the filtration (e.g. 30 minutes) of calcium carbonate using tubular
membranes.

Chellam and Wiesner (1998) have also reported that the specific cake resistance per unit
mass αcm was approximately 1015 to 1017 m∙kg-1 observed from both the dead-end
filtration of glass particles and the cross-flow filtration of silica particles in a benchscale experiment (e.g. 8 hours filtration). Recently, Chellam and Xu (2006) have
observed that the value αcm was approximately 1014 m∙kg-1 in their bench-scale tracketched membrane filtration experiment (e.g. up to 2.5 hours filtration) treating of known
suspensions such as colloidal silica, B.diminuta and S.marcescens.

More investigations on the cake characteristics can be found in the literature published
in 2009.

Listiarini et al., (2009) have determined the compressibility of known

suspensions through a bench-scale, dead-end NF experiment (e.g. 16 hours filtration).
From their experiment, they found that the combination suspensions of sodium alginate
(SA), calcium (Ca), aluminum (Al) was highly compressible (the index of cake
compressibility S=0.767), that of SA and Al was slightly compressible (S=0.323), and
others (SA or SA with Ca) were less compressible (S=0.05 or 0.002, respectively).

In contrast, Marselina et al., (2009) have undertaken the cross-flow filtration of a known
bentonite with and without backwash.

Their experiment employed a hollow fibre

membrane with outside-in configuration with 0.1μm of the mean pore size for a 2 hours
filtration period. From the experiment, they found that the cake resistance was 0.7 to
2.5×1012 m-1, S was 0.02 or 0.06, the cake thickness was 60 to 180 μm, the porosity was
around 0.1, the density or the particles was 0.3 to 1.0 kg∙m-3, and αcm was 1012 m∙kg-1.
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Furthermore, Mendret et al., (2009) have reviewed the index of the cake compressibility
observed from past studies based on the filtration of only one known suspension, such
as bentonite or kaoline.

They also have determined the compressible cake

characteristics during the bench-scale filtration (e.g. 2 hours filtration) of a known
bentonite suspension, which was undertaken under a constant pressure operation using a
UF membrane. Several cake parameters were found: the specific cake resistance per
unit mass αcm = 2.7×1014 m∙kg-1, αcm = 3.6×1014 m∙kg-1 and αc = 4.85×1014 m∙kg-1 at a
lower to higher pressure operations (55, 80 and 100kPa, respectively).

The cake

thickness was measured as 58μm at the end of the filtration.

However, Mendret et al., (2009) point out that the determination of the cake thickness
included quite high errors (e.g. 20%) for a very thin cake deposited at the initial
filtration stage. The main possible reason was assumed that the porosity estimated was
not constant but it may vary for successive cake layers due to uncertainty on small mass
increments.

Therefore, they concluded that it is currently impossible to directly

measure the porosity of the accumulation of particles forming cakes ―in situ and in realtime‖ (Mendret et al., 2009, p.21).

3.2.7

Structure of compressible cakes during the filtration

The structure of compressible cakes may be not homogeneous on an extended filtration
period.

Mendret et al., (2009) observed the structure of cakes deposited on the

membrane during their bench-scale filtration experiment.

They point out that the

growth of the deposited cake thickness does not follow a linear relationship to the
quantity of matter deposited. They demonstrated that the first cake layer near the
membrane surface is thin and non-compressible but highly resistance to mass transfer
while additional layers are thicker and more compressible but less resistance. In other
word, there is a porosity gradient through the deposited cake thickness. This structure
also varies depending on changes in pressure during the filtration.

Schematic views of the structure of cake formation are illustrated in Figure 3-5.
Mendret et al., (2009) propose that the cakes under a driving pressure P1 at the initial
stage of the filtration (in the left figure in Figure 3-5). During a continuous operation,
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the pressure increases over time due to membrane fouling and the cakes may be
compressed by a higher pressure P2. As a result, the bottom cakes near the membrane
surface become more dense, cohesive, and non-compressible cakes after a certain
filtration period (in the right figure in Figure 3-5).

These phenomena have been

observed empirically, which is regarded as several cake layers with different properties:
the cakes deposited near the membrane surface had a more dense and cohesive
structures whereas top layers were of more porous and permeable (Mendret et al.,
2009).

Figure 3-5. Schematic views of a structure of deposited cake layers near the membrane
surface and the top of the deposition (Mendret et al., 2009)

In addition, Mendret et al., (2009) suggest that it is necessary to understand the basic
phenomena of local cake characteristics for the validation of theoretical models of
deposited cake structure of more complex particles. It is also important to describe the
morphology of the fouling layer using operating parameters for a better prediction of the
filtration performance or flux behaviour. In particular, it is essential to develop more
suitable techniques for the determination of cake compressibility.

In summary, past studies of the cake characteristics are very limited. Although there are
few important findings, it can be said that there is currently no published paper in the
literature on investigating cake characteristics observed during the filtration of
secondary effluent with regular backwash. For example, different values in the cake
characteristics can be found in the literature since different operating condisions were
undertaken. Therefore, it is difficult to evaluate what is a reasonable value as the index
of cake compressibility, porosity, cake resistance and its specific resistance per unit
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mass. These parameters are dependent on its morphology but not operating mode such
as a constant flux or pressure operation.

3. 3

Fouling Models for a Hollow Fibre Membrane

3.3.1

Overview

The previous section has discussed the cake resistance models for dead-end filtration
using a flat-sheet membrane.

In practical however, many MF and UF systems

commonly employ hollow fibre membranes with outside-in configuration, which are
often operated under a constant flux, direct-flow mode with regular backwash (Chellam
et al., 1998; Lee et al., 2008; Kim and DiGiano, 2009; Kincl et al., 2009). It is therefore
necessary to modify the models derived from a flat-sheet membrane into those for a
hollow fibre membrane, which is of a cylindrical geometry (Davis, 1992; Ho and Sirkar,
1992).

In addition, a cylindrical geometry of a hollow fibre can contribute to a larger filtration
area, which may differ fouling behaviour between a hollow fibre and flat-sheet
membranes. An example of the filtration area of a typical hollow fibre module with
outside-in configuration in an industrial system is 27.5 m2 (Crittenden et al., 2005). On
the other hand, a MF flat-sheet membrane is commonly used in laboratory experiments
or installed in a submerged MF system in practice.

For example, the membrane

filtration area of a submerged flat-sheet membrane has 0.8 or 1.25 m2 per module or 500
m2 per cassette (KUBOTA), while that of a submerged hollow fibre membrane has 31.6
m2 per module or 1517 m2 per cassette (GE-ZENNON) (Pearce, 2008a).

This section discusses the existing fouling models for the filtration using a hollow fibre
membrane with outside-in configuration operated under a constant flux, direct-flow
mode.
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3.3.2

Fouling model proposed by Kincl et al.,

Recently, Kincl et al., (2009) have developed a fouling model for a hollow fibre
membrane with outside-in configuration. Their model is based on the cake filtration
model incorporating with a pressure drop across the cake.

When a hollow fibre

membrane is operated with outside-in configuration, cakes are formed at the outer wall
of a fibre as can be seen in Figure 3-6.

Figure 3-6. A schematic of a cross section view of a single hollow fibre and cakes
formed at the outer wall of a fibre when the hollow fibre module is operated with
outside-in configuration
In this case, the local flow velocity ur [m∙s-1] at an arbitrary radius r [m] is in the motion
from the outside of a fibre toward to the inside (the centre of a fibre) along the radial
coordinate (r-axis). Based on Eq.3-4, this relationship is defined as,
…………………………. Eq.3-29
where
-

dp is a pressure drop [Pa] across a thickness dr [m] of a permeable medium in a
cylindrical geometry along the radial coordinate.

-

µ is the dynamic viscosity of the feed stream [Pa∙s].

-

K is the permeability [m2].
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In Eq.3-29, a minus in the left-hand side represents that the flux ur has an opposite
direction in motion to a pressure drop dp and thickness dr along the radial coordinate.
The flux is due to the motion from the outside of a fibre toward to the centre, whereas a
pressure drop and thickness increases from the centre to the outside along the radial
coordinate.
Based on a mass balance of particles (ur∙r = uri∙ri =uro∙ro), Eq.3-29 is rewritten as,
………………………. Eq.3-30
where
-

uri or uro is the flow velocity [m∙s-1] at the fibre inner or outer wall, respectively.
It is noted that uri can be considered as the local permeate flux.

-

ri or ro is the inner or outer radius [m], respectively.

By combining Eq.3-30 and Figure 3-6, a pressure drop across the membrane (po - pi)
and a pressure drop across cakes (pf - po) are found by the integration over the radial
coordinate as (Kincl et al., 2009),
……………………….. Eq.3-31
……………………….. Eq.3-32
where
-

pf is the pressure at the feed side [Pa], pi is the pressure at the inner wall of a
fibre [Pa], and po is the pressure at the outer wall of a fibre [Pa].

-

Km is the membrane permeability [m2] and Kc is the cake permeability [m2].

-

δc is the thickness of the adhesive cakes per unit fibre [m].

Based on Eq.3-31 and Eq.3-32, the cake resistance and membrane resistance are defined
for a hollow fibre membrane with outside-in configuration as,
[m-1] (for a hollow fibre, outside-in membrane) ……. Eq.3-33
[m-1] (for a hollow fibre, outside-in membrane) ….….. Eq.3-34
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where

and

are the membrane resistance and the cake resistance [m-2] for a

hollow fibre membrane, respectively. The circumflex mark shows these resistance
components are different to those of a flat-sheet membrane.

Furthermore, Kincl et al., (2009) considered that the cake permeability Kc is
independent on the cake shape. It is thus possible to describe the permeability of cakes
formed on either a flat-sheet or hollow fibre membranes by combining Eq.3-22 and
Eq.3-25. It is also assumed that a change in both specific cake resistance and cake
porosity are described by a power law incorporating with an increase in a pressure drop
across the cake (pf - po). Therefore, the cake permeability Kc is expressed by combining
Eq.3-22, Eq.3-25, power law for the specific resistance (Eq.3-28) and the volume
fraction of the cake φc(=1-εc) as,
[m2] .………………….. Eq.3-35
where
-

αco is the specific resistance per unit mass [m∙kg-1∙kPa-1]

-

εco is the cake porosity at the initial filtration stage (φc =1 - εc). In addition, φc is
the volume fraction of the cake defined by the volume of particles forming the
cake divided by the sum of the volume both of voids and particles in the cake

-

Sα is the index of the cake compressibility.

-

Sε is the index representing a change in porosity due to deformation of
compressible cakes.

Based on Eq.3-34 and Eq.3-35, the cake resistance model is expressed as,
[m-1]
(for a hollow fibre, outside-in membrane) ………….……….. Eq.3-36

Finally, the fouling model is given based on the cake filtration model for a hollow fibre
membrane with outside-in configuration is (Kincl et al., 2009), such as,
…………. Eq.3-37
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This cake filtration model determines the cake resistance based on a pressure drop
across cakes instead of overall pressure drop. In the author‘s view, it is however very
difficult to directly determine a pressure drop across cakes over time under an industrial
filtration operation. Importantly, Kincl et al., (2009) concluded through their numerical
simulation that this model can describe the initial stages of cake filtration or a shortterm filtration. For longer-term filtration, however, a simpler model can be used since
the pressure drop inside the fibre is almost negligible. Although the approach by Kincl
et al., (2009) is new and interesting, for these reasons, it is not directly applicable for the
prediction of the full-scale system performance in practice.

3.3.3

Fouling model proposed by Belfort et al., and Chellam et al.,

The similar expression as the cake resistance model in Eq.3-36 can be found in the
literature. For a hollow fibre membrane with inside-out configuration, Davis (1992)
presented the cake resistance model based by modifying the cake filtration model for a
flat-sheet membrane. This model is based on a power law describing changes in overall
pressure drop with time.

For a hollow fibre membrane with outside-in configuration, Belfort et al., (1994) and
Chellam et al., (1998) defined the cake resistance model based on the model presented
by Davis (1992) as shown in Eq.3-38. The definition of the cake thickness formed on
the membrane surface is modified from a plate geometry to a cylindrical geometry.
[m-1]
(for a hollow fibre outside-in membrane) …………. Eq.3-38

This model Eq.3-38 is based on the assumption that a change in the cake resistance is
associated with a change in the overall pressure drop ∆P(t) rather than a pressure drop
across the cake (pf - po) as shown in Eq.3-37 In this model, it is also assumed that the
porosity is held constant: φc = 1 – εc, and the effects of pressure causing a change in the
porosity are ignored. Additionally, the outer radius of a fibre ro is multiplied by the
logarithm part ln[(ro+δc)/ro] in the right-hand side rather than the inner radius ri. This
cake resistance model is also developed in the published paper by Belfort et al., (1994).
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In the development of Eq.3-38 (Ho and Sirkar, 1992; Belfort et al., 1994; Chellam et al.,
1998), however, the approach to account for a change in the cake area from a flatmembrane surface to curved surface for a hollow fibre membrane was not quite clear.

3.3.4

Assessment of the existing models for a hollow fibre membrane

In the literature, there are a few fouling models for a hollow fibre membrane. A cake
resistance model for a hollow fibre membrane with inside-out configuration was
proposed by Davis (1992) by modifying the cake filtration model for a flat-sheet
membrane. Based on the model proposed by Davis (1992), a cake resistance model for
a hollow fibre membrane with outside-in configuration was defined by Belfort et al.,
(1994) and Chellam et al., (1998). However, their approach to account for a change in
the cake area from a flat-membrane surface to curved surface for a hollow fibre
membrane was not quite clear.

The recent model for a hollow fibre membrane with outside-in configuration has been
proposed by Kincl et al., (2009), which determines the cake resistance incorporating
with a pressure drop across cakes. However, they concluded through their numerical
simulation that this model can describe the initial stages of cake filtration or a shortterm filtration. For longer-term filtration, in contrast, a simpler model can be used since
the pressure drop inside the fibre is almost negligible.

In practice however, it may be very difficult to directly determine a pressure drop across
cakes and cake characteristics over time during the filtration with regular backwash.
Cake characteristics include, for instance, cake compressibility, porosity, thickness and
specific cake resistance. The existing models may be focused on understanding of
fouling mechanism and cake formation process during a short-term filtration under a
well controlled condition. These models are not designed for describing performance
degradation in an industrial filtration operation in secondary effluent. Although there
are a few studies on the cake characteristics observed during the filtration of natural
water (Chellam and Jacangelo, 1998; Chellam et al., 1998; Chellam and Xu, 2006), it is
difficult to compare the results or observations of cake characteristics observed from
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different studies due to different operating conditions (Kincl et al., 2009; Mendret et al.,
2009).

It is also currently impossible to directly measure the porosity of the accumulation of
particles forming cakes ―in situ and in real-time‖ (Mendret et al., 2009, p.21). There is
a paper investigating the bubbling effects to enhance the membrane process especially
for submerged hollow fibre membranes (Cui et al., 2003).

In the author‘s view,

however, there is no published paper in the literature on investigating cake
characteristics observed during the filtration of secondary effluent with regular
backwash. It is therefore difficult to evaluate what is a reasonable value as the index of
cake compressibility, porosity, cake resistance and its specific resistance per unit mass.
For these reasons, it is concluded that the approach by Kincl et al., (2009) is not directly
applicable for the prediction of the full-scale system performance in practice although it
is new and interesting.

Furthermore, the existing cake resistance models assume that the membrane resistance
is held constant during filtration since its increase is much smaller than that of the cake
resistance. From this reason, these models consider that cake formation is the major
fouling mechanism and then do not account the effects of pore blockage and adsorption
during the dead-end filtration (Ho and Sirkar, 1992; American Water Works
Association et al., 1996; Crittenden et al., 2005; Kim and DiGiano, 2009).
To the author‘s knowledge, however, there is currently no published paper in the
literature on investigating the effects of membrane resistance and resistance components
due to different fouling mechanisms (e.g. pore blockage, adsorption and cake formation)
during the long-term filtration with regular backwash. One study (Listiarini et al.,
2009) introduced the fouling model accounting for three fouling mechanisms, i.e. pore
blockage, adsorption and cake formation, but it is not used for the system using hollow
fibre membranes.

It is therefore questionable to exclude the effects of pore blockage and/or adsorption
over the total resistance in a fouling model for the filtration with regular backwash in an
industrial plant. For the development of a more practical model, it is necessary to
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account for the effects of membrane resistance and three major fouling mechanisms:
pore blockage, adsorption and cake formation. It is also essential to further investigate
changes in each resistance component during a long-term filtration with backwash.

3.3.5

A pilot study vs. fouling models

There is currently no single model which is able to predict the performance degradation
due to membrane fouling in a full-scale MF system over a long-term filtration period.
For this reason, a pilot study is undertaken for the determination of the plant design or
operating parameters for specific feed water characteristics (Chellam et al., 1998). The
operating data obtained from a pilot study will provide the empirical curve fitting of
linear and/or exponential models in order to describe the plant performance. These
empirical models are interpreted as the rate of the membrane fouling and generally used
for the prediction of chemical cleaning intervals.

However, undertaking a pilot study is costly and time consuming (Chellam et al., 1998).
In addition, it has been observed that the performance profiles obtained from a pilot
study were different to those in a full-scale system dependent on feed water quality and
operating parameters. To avoid such a pilot study, it is therefore essential to develop
more practical models for the prediction of the filtration performance in a full-scale MF
system.

3. 4

Summary

This chapter has discussed a review of the theoretical background of fouling models in
the MF process, including the fundamental filtration theory of a porous media, fouling
models for the dead-end MF process, and models for the filtration using a hollow fibre
membrane with outside-in configuration.

Past studies have widely investigated fouling mechanisms and its models for MF and
UF. The fouling models in early studies were derived from the classical filtration
models developed by Hermia (1982). In addition, many studies have proposed the
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fouling models based on Darcy‘s law Eq.3-7 (Davis, 1992; Ho and Sirkar, 1992; Belfort
et al., 1994; Chellam et al., 1998; Crittenden et al., 2005; Kim et al., 2008; Lee et al.,
2008; Kim and DiGiano, 2009). Most of all existing models are not designed for
describing the filtration performance in practice since past studies may have focussed on
understanding of fouling mechanism during a short-term filtration under a wellcontrolled filtration without backwash. As a result, these existing fouling models were
often evaluated in bench-scale, simplified, non-practical experiments using a flat-sheet
membrane and can only expect fouling behaviour under a limited condition on a shortterm basis. The source water is often a few known suspensions.

In practical however, many MF and UF systems commonly employ hollow fibre
membranes with outside-in configuration, which are often operated under a constant
flux, direct-flow mode with regular backwash (Chellam et al., 1998; Lee et al., 2008;
Kim and DiGiano, 2009; Kincl et al., 2009). It is therefore necessary to modify the
models derived from a flat-sheet membrane into those for a hollow fibre membrane,
which is of a cylindrical geometry (Davis, 1992; Ho and Sirkar, 1992). The source
water is also generally treated natural water or secondary effluent which may contain
various suspensions over a wide range of size, physical, chemical and biological
characteristics, which may have a more complex structure and deformable rather than a
rigid spherical shape under controlled experiments.

In the literature, a cake resistance model for a hollow fibre membrane with inside-out
configuration was proposed by Davis (1992). Based on this model, a cake resistance
model for a hollow fibre membrane with outside-in configuration was defined by
Belfort et al., (1994) and Chellam et al., (1998). However, their approach to account for
a change in the cake area from a flat-membrane surface to curved surface for a hollow
fibre membrane was not quite clear. Recently, a cake resistance model for a hollow
fibre membrane with outside-in configuration has been proposed by Kincl et al., (2009),
which determines the cake resistance incorporating with a pressure drop across cakes. It
is however difficult to directly measure a pressure drop across cakes over time during
the filtration.
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In addition, these cake resistance models for a hollow fibre membrane assume that the
membrane resistance is held constant during filtration since its increase is much smaller
than that of the cake resistance. From this reason, these models consider that cake
formation is the major fouling mechanism and then do not account the effects of pore
blockage and adsorption during the dead-end filtration (Ho and Sirkar, 1992; American
Water Works Association et al., 1996; Crittenden et al., 2005; Kim and DiGiano, 2009).
To the author‘s knowledge, however, there is currently no published paper in the
literature on investigating the effects of membrane resistance and resistance components
due to different fouling mechanisms (e.g. pore blockage, adsorption and cake formation)
during the long-term filtration with regular backwash. It is therefore questionable to
exclude the effects of pore blockage and/or adsorption over the total resistance in a
fouling model for the filtration in an industrial plant. For the development of a more
practical model, it is necessary to account for the effects of membrane resistance and
three major fouling mechanisms: pore blockage, adsorption and cake formation. For
these reasons, it is concluded that the existing fouling models for a hollow fibre
membrane are not directly applicable for the prediction of the full-scale system
performance in practice.
In the author‘s view, there is also no published paper in the literature on investigating
cake characteristics observed during the filtration of secondary effluent with regular
backwash. Although many theoretical parameters are defined in past models, a practical
fouling model should be able to relate to basic operating parameters which are readily
measurable and available in practical. These parameters include pressure, flow rate,
total resistance, and temperature.

Other requirements for a more practical model

include that the models should be dependent on time. The time-dependent model can
indicate an appropriate timing of membrane cleaning and other maintenance operations
for the restoration of the performance in an industrial plant.

In summary, past models derived from limited conditions are unable to predict the fullscale system performance under practical conditions. It is therefore essential to develop
a more practical model which should be valid for the filtration employing hollow fibre
membranes with outside-in configuration operated under a constant flux, direct-flow
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mode with regular backwash on a long-term basis. It is also important to develop the
model which is dependent on time and basic operating parameters. To meet these
requirements, the model should be valid for the following conditions:
-

Using a hollow fibre membrane with outside-in configuration (direct-flow)

-

Operated under a constant flux

-

The filtration of treated natural water or secondary effluent, which may contain
various suspensions over a wide range of size, physical, chemical and biological
characteristics (e.g. compressible, adhesive, and non-rigid particles)

-

The filtration with a regular backwash operation

-

On a long-term operation (in order to months or years)

-

Accounting for the effects of pore blockage, adsorption and cake formation

A more practical model can provide insights into the fouling mechanisms. Such a
model is also able to contribute to a better understanding of the plant design and
optimisation, which reduces the fouling impacts and plant maintaining and operating
costs as well as avoids undertaking a costly and time consuming pilot study.
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4 Model Development
This chapter describes the approach for the development of a new fouling model. It
discusses the total resistance incorporating with different fouling mechanisms, the
resistance model for the adhesive cake formation, and limitations of the new model.

4. 1

Total Resistance Model

4.1.1

Overview

A new fouling model was developed for the prediction of the performance degradation
in a full-scale MF system on a long-term basis. This model is an analytical model
accounting for the effects of pore blockage, adsorption and adhesive cake formation
over time during the filtration with regular backwash between chemical cleaning
operations.

This section mainly discusses the development of the total resistance

associated with these three fouling mechanisms.

4.1.2

Resistance components due to the major fouling mechanisms

There are three major fouling mechanisms during the dead-end MF process: pore
blockage, adsorption and cake formation. During a continuous filtration operation, the
resistance components due to these fouling mechanisms increase with time due to
membrane fouling. This is caused by the accumulation of the particles on and within
the membrane structure. In this case, the total resistance is generated by increases in
these resistance components. Since the clean membrane resistance is constant, the total
resistance is expressed as a function of a constant clean membrane resistance and an
increase in the resistance components due to pore blockage, adsorption and cake
formation:
[m-1] ……………. Eq.4-1
where
-

Rtot(t) is the total resistance [m-1] at time t.

-

Rmo is the clean membrane resistance [m-1] at time t.
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-

Rpb(t) is the resistance due to pore blockage [m-1] at time t.

-

Rad(t) is the resistance due to adsorption [m-1] at time t.

-

Rc(t) is the resistance due to cake formation [m-1] at time t.

Eq.4-1 is the similar approach of Listiarini et al., (2009) as shown in Eq.3-13,
describing the fouling resistance involving resistance components due to pore blockage,
adsorption and cake formation (Rpb , Rad , and Rc , respectively).
During the filtration, both pore blockage and adsorption may reduce the membrane
filtration area by sealing or constricting pores (American Water Works Association et
al., 1996).

As a result, the membrane resistance increases but the membrane

permeability decreases. From these reasons, these effects due to both pore blockage and
adsorption can be combined as a fouling factor, which causes an increase in the
membrane resistance due to a reduction in the membrane filtration area. In this study, it
is therefore assumed that the membrane resistance is associated with the constant clean
membrane resistance and an increase in the resistance components due to pore blockage
and adsorption over time:
[m-1] ……………. Eq.4-2
where Rm(t) is the membrane resistance [m-1] at time t [s].
In contrast, cake formation provides an additional resistance to the flow when particles
accumulate on the membrane surface due to the growth of cake layers (Noble and Stern,
1995; American Water Works Association et al., 1996; Crittenden et al., 2005). In
addition, a rapid degradation in the filtration performance is often observed at the initial
filtration stage due to blocking pores as mentioned in Chapter 2 (Song, 1998; Crittenden
et al., 2005; Lee et al., 2008). After this rapid degradation, the gradual degradation in
the performance is further observed due to the gradual growth of the cake layer during a
long-term operation.

From these reasons, it is concluded that cake resistance has different properties from
pore blockage and adsorption and is not related to a change in the membrane resistance.
Therefore, the total resistance with time is rewritten by combining Eq.4-1 and Eq.4-2,
[m-1] ……………. Eq.4-3
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4.1.3

Resistance due to pore blockage and adsorption

The membrane resistance increases over time due to the accumulation of particles on or
within the membrane during the filtration, which results in an increase in resistance
components due to pore blockage and/or adsorption as shown in Eq.4-2. The rate of an
increase in the membrane resistance can be written as,
…………………. Eq.4-4
where α represents the rate of an increase in the membrane resistance due to pore
blockage and/or adsorption.

The solution of Eq.4-4 is,
[m-1] ……………. Eq.4-5

The rate of an increase in the membrane resistance due to pore blockage and/or
adsorption may accelerated by a high flux operation. This is because a high flux can
transport more particles to membrane which may cause blocking or constricting the
opening pores. In addition, both pore blockage and adsorption cause a reduction in the
membrane filtration area, which results in an increase in the membrane resistance Rm(t).
In this study, the rate of a reduction in the membrane filtration area due to pore
blockage and/or adsorption is newly defined as pore blockage - adsorption rate λ. By
combining Eq.4-2 and Eq.4-5 and replacing α to this new factor λ and flux J(t), the
membrane resistance with time is expressed as,
[m-1] ……………. Eq.4-6
where
-

J(t) is the flux [m3∙m-2∙s-1 or L∙m-2∙h-1] at time t [s or hr]

-

λ is a new constant fouling factor per unit area [m-1], representing the rate of a
reduction in the membrane filtration area due to pore blockage and/or
adsorption. This is named pore blockage - adsorption rate in this study.

The membrane resistance model as expressed in Eq.4-6 is new. The model can simply
predict an increase in the membrane resistance over time, which is associated with the
flux and the effects of pore blockage and/or adsorption.
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4.1.4

Resistance due to adhesive cake formation

The resistance due to cake formation is associated with the characteristics of the
particles forming a cake. During the filtration of compressible particles, it is observed
that the cakes deposited near the membrane surface are relatively thin, less compressible
but more adhesive and provide high resistance to the flux (Mendret et al., 2009). In
contrast, top layers of the cake deposition are highly compressible but less adhesive and
have low resistance.

From these findings, it is assumed that adhesive cakes remain after backwash during the
filtration. On the other hand, cake layers at the top are non-adhesive and may be
removed immediately after backwash in practice. Therefore, ‗adhesive‘ cake layers
mainly cause an increase in the cake resistance during the filtration with a regular
backwash operation. The factors causing an increase in the adhesive cake resistance
over time are discussed in detail in Section 4. 2.

4.1.5

New fouling model

When the resistance due to adhesive cake formation is denoted as Rc_ad(t) [m-1], the total
resistance model is expressed by combining Eq.4-3 and Eq.4-6 as well as by replacing
the cake resistance with time Rc(t) to the adhesive cake resistance with time Rc_ad(t):
[m-1] …………..… Eq.4-7

Therefore, the new fouling model is given by combining Eq.3-7 and Eq.4-7,
[m3∙m-2∙s-1 or L∙m-2∙h-1] ..………. Eq.4-8
where
-

μ is the dynamic viscosity of the fluid [Pa∙s].

-

∆P(t) is the overall pressure drop [Pa] across the membrane and foulants (i.e.
adhesive cakes) at time t [s].

In this equation, the overall pressure drop ∆P(t) is held constant under a constant
pressure operation: ∆P(t)∆P. On the other hand, the flux J(t) remains constant under
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a constant flux operation: J(t)J. The adhesive cake resistance Rc_ad(t) is discussed in
the following section.

4. 2

Adhesive Cake Resistance Model

4.2.1

Overview

This section describes the approach of the development of the adhesive cake resistance
model. It discusses the development of the flux models and resistance models for a
single hollow fibre and for a hollow fibre module. Based on these models, the thickness
of the cakes forming on a fibre is further explained.

4.2.2

Local flux equation

As focused on a single hollow fibre membrane with outside-in configuration, the local
flux is described as the velocity of the flow passing through a fibre from outside to
inside. This flux is determined based on a mass balance: the mass of a closed system
remains constant. Therefore, the mass flow rate of particles is held constant along the
radial coordinate (r-axis) from the edge boundary of the cake layer to the inside of a
fibre (See Figure 4-1). It is also assumed that the density of particles in the feed is
constant. Therefore, the mass flow rate at an arbitrary radius r [m] and at the inner
radius of a fibre ri [m] is the same during the filtration, which is defined as:
[kg∙s-1] per unit fibre
………………….. Eq.4-9
where
-

ρp is the density of the particles in the feed [kg∙m-3].

-

dz is a fibre length [m].

-

ur(t) or uri(t) is the flow velocity [m∙s-1] at an arbitrary radius r [m] or at the inner
radius of a fibre ri [m], respectively, along the radial coordinate at time t [s].
uri(t) is considered as the local permeate flux.
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Figure 4-1. A schematic of the cake filtration concept on a single hollow fibre
membrane with outside-in configuration: This is presented as Figure 3-6 in Chapter 3.

By substituting Eq.4-9 for ur(t), the local velocity uri(t) is given by,
[m∙s-1] per unit fibre …….. Eq.4-10

Based on a mass balance, the velocity at other positions is given by,

[m2∙s-1] per unit fibre …..... Eq.4-11
where uro(t) or urc(t) is the flow velocity [m∙s-1] at time t [s] at the outer radius of a fibre
ro [m] or at the radius rc(t) [m] of the edge boundary of the cake layer, respectively.
The thickness of a deposited cake δc(t) at time t [s] increases with time during the
filtration. This is because more particles are transported to the membrane surface and
additional cake layers are formed on the bottom layer near the surface. As a result, the
cake thickness δc(t) increases with time, which causes an increase in the radius rc(t) as:
[m] per unit fibre ……….. Eq.4-12
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4.2.3

Flux model for a single hollow fibre

As focused on a single hollow fibre membrane, the cake filtration model is derived from
Darcy‘s law using the local flux model. When the flow passes through a single fibre
from outside to inside along the radial coordinate (See Figure 4-1), the local flux ur(t) is
described by Eq.3-4 over time,
[m∙s-1] per unit fibre ….... Eq.4-13
where
-

dr(t) is the thickness [m] of a fibre (filtration medium) and/or a cake layer
deposited on a fibre along the radial coordinate at time t [s].

-

dp(t) is a pressure drop [Pa] across a fibre and/or a cake layer over dr(t).

-

K(t) is the permeability [m2] of a fibre and/or a cake layer over dr(t).

A pressure drop across a fibre (or transmembrane pressure) is given by subtracting the
pressure at the inner wall of a fibre pi(t) from that at the outer wall po(t). This is given
by integrating Eq.4-13 over a fibre along the radial coordinate from ro to ri:



[Pa] per unit fibre
…………………………. Eq.4-14

where
-

po(t) or pi(t) is the pressure [Pa] at the outer wall of a fibre or at the inner wall at
time t [s], respectively.

-

Km’(t) is the permeability [m2] of the membrane at time t [s] per unit fibre.

As mentioned earlier, it is assumed that adhesive cakes cause an increase in cake the
resistance during the filtration with regular backwash. In this case, a pressure drop
across an adhesive cake layer is described by subtracting the pressure at the outer wall
po(t) from that at the edge boundary of the adhesive cake. The latter pressure is the
same as the feed pressure pf(t). Therefore, this is expressed by integrating Eq.4-13 over
an adhesive cake layer along the radial coordinate from rc(t) to ro:
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[Pa] per unit fibre
……………..……..……... Eq.4-15

where Kc’ (t) is the permeability [m2] of the cake layer at time t [s] per unit fibre.
Then, the sum of Eq.4-14 and Eq.4-15 provides the overall pressure drop: pf(t) – pi(t) as,

[Pa] per unit fibre ……….. Eq.4-16

Furthermore, the membrane resistance and cake resistance may change over time due to
membrane fouling. In particular, the cake resistance is described as the adhesive cake
resistance for the filtration with regular backwash. Then, the adhesive cake resistance
and the membrane resistance per unit fibre are defined by combining Eq.4-11 based on
Eq.4-14 and Eq.4-15, respectively,
[m-1] per unit fibre ……… Eq.4-17

[m-1] per unit fibre ……… Eq.4-18

The dash mark in the above equations represents that these resistance components are
based on a single fibre, not a module composing of thousands of fibres.

By substituting Eq.4-17 and Eq.4-18 into Eq.4-16, the local flux is expressed as:
[m∙s-1] per unit fibre ….… Eq.4-19
where pf(t) – pi(t) is a pressure drop [Pa] across the thickness of a fibre and a cake layer
forming on a single fibre.
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In Eq.4-19, the local flux is expressed by using parameters based on a single hollow
fibre. This equation is the same form as the model of the flux passing through the cake
layer and the membrane in Eq.3-10. In addition, the above equations (Eq.4-14, Eq.4-15
and Eq.4-17 to Eq.4-19) are similar to the expressions (Eq.3-31 to Eq.3-35) presented
by Kincl et al., (2009).

4.2.4

Flux model for a module

Thousands of hollow fibres are packed in a membrane module. The local flux uri(t) is
defined per unit fibre, while the permeate flux for a module is defined per unit area. In
this study, the permeate flux for a module is named the global flux J(t). When the
number of fibres packed in a module is denoted as nfibre and the membrane filtration
area per module is denoted as Am, the relationship between uri(t) and J(t) is obtained as,
…………..…... Eq.4-20

By substituting Eq.4-20 for the global flux J(t),
[m3∙m-2∙s-1 or L∙m-2∙h-1] per unit module…….. Eq.4-21

By substituting Eq.4-19 into Eq.4-21,
[m3∙m-2∙s-1 or L∙m-2∙h-1] per unit module
……………………… Eq.4-22

If the membrane resistance and adhesive cake resistance are defined per unit module
based on Eq.4-22, these resistance components are defined by,
[m-1] per unit module ..….…... Eq.4-23
[m-1] per unit module ……….. Eq.4-24

By substituting Eq.4-23 and Eq.4-24 into Eq.4-22 using the overall pressure drop ∆P(t)
= pf(t) – pi(t), the global flux is given by,
83

[m3∙m-2∙s-1 or L∙m-2∙h-1] per unit module …... Eq.4-25
where
-

∆P(t) is the overall pressure drop or a pressure difference between the feed and
permeate sides [Pa]. This is the same as pf(t) – pi(t) for a single fibre in Eq.4-19
or Eq.3-10.

4.2.5

Definitions of the resistance components

For a single module with thousands of hollow fibres, the membrane permeability per
unit module Km(t) and the cake permeability per unit module Kc(t) are also defined by,
[m-1] per unit module ..….…... Eq.4-26
[m-1] per unit module ……….. Eq.4-27

By combining Eq.4-17, Eq.4-23 and Eq.4-26, the membrane resistance per unit module
is rearranged to,
[m-1] per unit module ……….. Eq.4-28

As shown in the above equation, it is clear that the membrane resistance per unit
module is the same as that per unit fibre. On the other hand, by combining Eq.4-18,
Eq.4-24 and Eq.4-27, the adhesive cake resistance per unit module is rearranged to,

[m-1] per unit module…. Eq.4-29
where
-

δc_HFmodule(t) is the imaginary thickness of the cake layer for a single module,
which is considered as the sum of the thickness of cake layers forming on all
fibres packed in a module. The cake thickness model is discussed in detail in
the following section.

-

rc_HFmodule(t) is the imaginary radius at the edge boundary of the cake layer for a
single module, which is based on the same concept as δc_HFmodule(t).
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In Eq.4-28, the imaginary thickness and imaginary radius are explained by Eq.4-12 as,
[m] per unit module ….. Eq.4-30

4.2.6

Cake thickness model

Like the model development presented by Kincl et al., (2009), the cake thickness is
defined based on a mass balance of particles between in the feed and in the deposited
cake. As focused on a single hollow fibre (See Figure 4-1), the mass Mc(t) [kg] of the
cake forming at the outer wall of a cylindrical fibre is given by,
[kg] per unit fibre ……... Eq.4-31

Based on a mass balance, the total amount of particles in the feed can be expressed as
the sum of the amount of particles forming a cake and particles presented in the
permeate. This relationship shows that a difference between the amount of particles in
the feed and permeate is equal to the amount of particles forming a cake. Therefore, the
mass Mc(t) [kg] of the cake in Eq.4-31 is also expressed by,

[kg] per unit fibre ….. Eq.4-32
where
-

Cf is the concentration of the feed [kg∙m-3]

-

Cp is the concentration of the permeate [kg∙m-3]

From Eq.4-11, it is clear that ri∙uri(t)=rc∙urc(t). Thus, Eq.4-32 is rewritten as,
……….... Eq.4-33

If all particles are retained on the membrane and become the deposited cake during the
filtration in a closed system (with a finite boundary), there is no particle in a permeate
side. Therefore, it can be considered that the concentration of the permeate is zero: Cp
 0. Furthermore, the concentration of the feed is given by using the volume fraction
of the particles in the feed φf,
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[kg∙m-3] …………….….. Eq.4-34

By substituting Eq.4-12, Eq.4-34 and Cp  0 into Eq.4-33,
……….... Eq.4-35

By substituting Eq.4-35 for the thickness δc(t), the following equation is obtained:
……….. Eq.4-36

By solving this quadratic equation for δc(t), the thickness of the cake layer forming on a
single fibre is given as a positive value:
[m] per unit fibre ……... Eq.4-37

For convenience, the local flux uri(t) can be replaced to the global flux J(t) in Eq.4-27.
By substituting Eq.4-21 into Eq.4-37, the thickness δc(t) for a single fibre is given by,
[m] per unit fibre ... Eq.4-38

By substituting Eq.4-38 into Eq.4-12, the radius rc(t) of the edge boundary of the cake
layer forming on a single fibre is also expressed as,
[m] per unit fibre
………………………... Eq.4-39
In contrast, the imaginary thickness δc_HFmodule(t) of the cake layer for a single module is
also obtained from Eq.4-38. As mentioned earlier, the imaginary thickness δc_HFmodule(t)
is considered as the sum of the thickness of cake layers forming on all fibres packed in a
module. Thus, the imaginary thickness δc_HFmodule(t) is given by using the global flux as,
[m] per unit module
………………………... Eq.4-40
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By substituting Eq.4-30 into Eq.4-40, the imaginary radius rc_HFmodule(t) at the edge
boundary of the cake layer for a single module is also given by,
[m] per unit fibre …….. Eq.4-41

4.2.7

Cake resistance model

The cake formation is different depending on the membrane geometry. When cakes are
formed on a hollow fibre membrane, they are deposited on a cylindrical geometry. In
contrast, cakes formed on a flat-sheet membrane are on a planar geometry. It can be
often seen in the literature that the cake resistance model for a flat-sheet membrane is
modified for the description of the cake resistance for a hollow fibre membrane.

For cakes formed on a flat-sheet membrane, the cake resistance is proportional to its
thickness and inversely proportional to its permeability as defined in Eq.3-22. The cake
resistance is often expressed by using the specific cake resistance per unit mass on a
mass balance basis by combining Eq.3-23 and Eq.3-24,
[m-1]
(for a flat-sheet membrane) …………. Eq.4-42
where
-

αcm(t) is the specific cake resistance [m∙kg-1] per unit mass deposited per the
membrane filtration area at time t.

-

Mc(t) is the mass of cakes deposited on the membrane [kg] at time t, which is
defined in Eq.3-23:

-

.

φc is the volume fraction of the cake defined by the volume of particles forming
the cake divided by the sum of the volume both of voids and particles in the
cake.

-

ρp is the density of the particles in the feed [kg∙m-3].

-

δc_flat(t) is the thickness [m] of cakes formed on a flat-sheet membrane at time t.
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When cakes are composed of compressible particles, it is assumed that the specific cake
resistance per unit mass is governed by the overall pressure drop in a power law (Eq.328):
[m∙kg-1]………………. (Eq.3-28)
where
-

αco is the coefficient of the specific cake resistance per unit mass [m∙kg-1∙kPa-S].

-

S is the index of cake compressibility, which may vary with time of filtration
due to changes in the feed water quality. When S=0, the particles forming a
cake is regarded as non-compressible.

This expression can be seen in many past studies (Davis, 1992; Belfort et al., 1994;
Chellam et al., 1998; Kim and DiGiano, 2009; Listiarini et al., 2009; Marselina et al.,
2009; Mendret et al., 2009). In addition, this power law expression is simpler than that
incorporating with a pressure drop across the cake presented by Kincl et al., (2009).

Furthermore, the permeability of compressible cakes is given by combining Eq.3-36 and
Eq.3-28:
[m2] per unit module…. Eq.4-43

The cake resistance is most likely caused by adhesive particles during the filtration with
regular backwash. Therefore, the adhesive cake resistance for a hollow fibre membrane
with outside-in configuration is given by combining Eq.4-43 and Eq.4-29 using
Rc(t)Rc_ad(t):
[m-1] per unit module
.………………………. Eq.4-44
By substituting Eq.4-41 into Eq.4-44,

[m-1] per unit module ..… Eq.4-45
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This adhesive cake resistance model as shown in Eq.4-45 is new. This model describes
an increase in the adhesive cake resistance over time with changes in the overall
pressure drop ∆P(t) and the flux J(t) during the filtration of compressible particles under
a regular backwash operation.

4. 3

New Fouling Model

4.3.1

Final expression of the new fouling model

From the theory discussed above, the total resistance model has been newly developed
for the filtration of compressible particles with regular backwash using hollow fibre
membranes with outside-in configuration. The total resistance is finally given as the
new fouling model by substituting Eq.4-45 into Eq.4-6 as:

[ m-1] per unit module ……... Eq.4-46
where
-

Rtot(t) is the total resistance [1012m-1] at time t [hr] per unit module.

-

Rmo is the clean membrane resistance [1012m-1] per unit module.

-

λ is the pore blockage - adsorption rate [m-1], representing the rate of a reduction
in the membrane filtration area due to pore blockage and/or adsorption.

-

J(t) is the permeate flux [m3∙ m-2∙ h-1 or L∙m-2∙h-1] at time t [hr] per unit module.

-

αco is the coefficient of the specific resistance per unit mass [m∙kg-1∙kPa-S].

-

ρp is the density of the particles in a feed stream [kg∙m-3].

-

φc is the volume fraction of the particles forming a cake [-].

-

φf is the volume fraction of the particles in a feed stream [-].

-

∆P(t) is the overall pressure drop [kPa] across the membrane and foulants (i.e.
adhesive cakes) at time t [hr].

-

S is the index of the adhesive cake compressibility, which may vary with time of
filtration [-].

-

ri is the inner radius of a fibre [m].

-

ro is the outer radius of a fibre [m].
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For reference, Eq.4-46 can be expressed over the cumulative volume filtered per unit
membrane area,

[ m-1] per unit module ……... Eq.4-47

where

is the cumulative volume [m3] filtered per unit membrane filtration area

per module Am [m2] during the filtration time t [hr].
For the simplification, the constant parameters can be defined as,
[1012m-1∙kPa-S] per unit module … Eq.4-48
[m-1] per unit module ………...… Eq.4-49

These parameters K1 and K2 simply describe the cake morphology and structure. They
are not directly related to the time, but are associated with the membrane properties
such as the dimensions of a fibre, the number of a fibre, the filtration area, the feed
concentration and the cake characteristics. In addition, they are categorised into a
resistance component since the unit is in m-1. In particular, the parameter K1 is the
resistance related to the effects of the cake compressibility associated with the overall
pressure drop.

Then, the new fouling model Eq.4-46 is rewritten by combining Eq.4-48 and Ea.4-49,

[m-1] per unit module ..... Eq.4-50

This is the final expression of the new fouling model for the filtration under a regular
backwash operation using hollow fibres with outside-in configuration. This model is
valid for both incompressible and compressible particles depending on the index of the
cake compressibility S.

During the filtration of incompressible particles, the cake

formed on the membrane becomes incompressible (S=0). In this case, the pressure
factor in the right-hand side becomes regardless. On the other hand, when cakes are
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compressible (S >0), this fouling model indicates that the flux and overall pressure drop
are not in a linear relationship.

This may explain the observation mentioned by

Crittenden et al., (2005) that many studies observed that there is a non-linear
relationship between the flux and overall pressure drop in practice.

4.3.2

Thickness of adhesive cakes

The thickness of the adhesive cakes per unit fibre δc(t) can be expressed by combining
Eq.4-38 and Eq.4-49 as:
[m] per unit fibre ... Eq.4-51
where
-

Am is the membrane filtration area [m2].

-

nfibre is the number of fibres contained in a module [-].

4.3.3

Limitations of the new fouling model

There are some limitations in the application of the new fouling model. First of all, the
model is able to predict the filtration performance with regular backwash between
chemical cleaning operations. However, it is unable to estimate the system performance
during the filtration with the effects of chemical cleaning.

Secondly, it is necessary to determine or assume the density of the particles presented in
the feed and the feed concentration. It is also assumed that these parameters remain
constant during the filtration. The model is therefore unable to account for the effects in
changes in the density of the particles and feed concentration over time. This limitation
also indicates that the new model does not account for the effects of fouling distribution
along the fibre length. Fouling distribution has been often discussed for submerged
hollow fibre membranes (Judd, 2006), such as a significant flux distribution with an
increase in fibre length (Chang and Fane, 2002).
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Furthermore, the model does not account for the detailed water quality parameters. It is
therefore impossible to identify the serious foulants affecting the performance
degradation without further controlled experiments.

4. 4

Summary

This chapter has described the development of a new fouling model. The new fouling
model proposed in this study is designed for the prediction of the performance
degradation during the filtration with backwash using hollow fibre membranes with
outside-in configuration on a long-term basis. This model accounts for the effects of the
three fouling mechanisms during the MF process: pore blockage, adsorption and
‗adhesive‘ cake formation. These fouling mechanisms are expressed as simply as
possible using the basic operating parameters, which can be easily determined in
practice. In addition, this model takes into account all features that contribute to
membrane fouling except the detailed water quality characteristics.

In particular, the new fouling model is combined with the membrane resistance model
and adhesive cake resistance model which newly developed in this study.

The

membrane resistance model (Eq.4-6) can predict an increase in the membrane resistance
over time, which associated with flux and resistance components due to pore blockage
and/or adsorption. In this model, the rate of a reduction in membrane filtration area due
to pore blockage and/or adsorption was also newly defined. In addition, the adhesive
cake resistance model (Eq.4-45) can describe an increase in the adhesive cake resistance
over time with changes in overall pressure drop and flux during the filtration of
compressible particles under a regular backwash operation.

However, there are some limitations in the application of the new fouling model. First
of all, the model is unable to estimate the system performance during the filtration with
the effects of chemical cleaning. Secondly, it is unable to account for the effects in
changes in the density of the particles and feed concentration over time. Furthermore,
the model does not account for the detailed water quality parameters. It is therefore
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impossible to identify the serious foulants affecting the performance degradation
without further studies.

Nevertheless, the significant advantage is that the new model can describe the
performance as simply as possible.

Although there are some limitations, such a

simplified analytical expression is still very useful for plant design and optimisation in
practice.
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5 Methods of Data Collection and Processing
This chapter describes the study of an industry operated MF plant in municipal
secondary effluent reuse, and the methodology of the collection of full-scale data
obtained from that plant and the data processing. It also explains the methods of the
removal of outliers from the operating data.

5. 1

A Full-Scale MF Plant in Municipal Water Reclamation

5.1.1

Overview

One of the full-scale MF systems was investigated as a case study. The target MF plant
is used for the pre-treatment process of a RO system in the Wollongong Wastewater
Reclamation Plant (WWRP) located on the south coast of NSW, Australia. The WWRP
is one of the systems in the Wollongong Sewage Treatment Plant (WSTP) (See Figure
5-1). The WSTP is known as the first of its kind in Australia to demonstrate secondary
effluent reuse. This plant produces up to 20MLD (7.3 billion litres annually) of high
quality recycled water for steel-making process, and contributes to a decrease in ocean
wastewater discharge volume by 40% (Wintgens et al., 2005; Sydney Water, 2006;
Veolia Water, 2009). This wastewater recycling system is at the heart of the Illawarra
Wastewater Strategy in the NSW Government‘s 2006 Metropolitan Water Plan.

Figure 5-1. An image of the whole Wollongong Sewage Treatment Plant (Sydney
Water, 2008)
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5.1.2

Treatment processes in the plant

Wastewaters are pumped into the WWRP for treatment and recycling. The source water
is wastewaters from the Bellambi, Wollongong and Port Kembla catchments, involving
the infiltration of storm flows (Sydney Water, 2006). In the WWRP, these wastewaters
are treated through screening, grit removal and sedimentation processes at the primary
treatment as can be seen in Figure 5-2. The primary effluent is then pumped into the
Biological Nutrient Removal (BNR) for the removal of high nutrients. The effluent
from the BNR process is further treated by a deep sand filtration. The secondary
effluent treated through the sand filtration is then pumped into the tertiary treatment
process using the membrane system.

The membrane system mainly consists of a full-scale MF and RO systems. The MF
system is used for the pre-treatment process of the RO system (Sydney Water, 2006).
This MF system can remove micro-sized particles from the secondary effluent. The
micro-filtered water is then treated in the RO system in order to produce a high quality
recycling water. As the post-treatment, the product water treated through the RO
system is disinfected by chlorine and then its pH level is adjusted to meet the high
quality water for industrial reuse (Veolia Water Systems, 2005b; Sydney Water, 2006).
This high quality recycling water is finally distributed and used for steel-making
processes. The schematic designs of the MF and RO systems are shown in AppendixA.

In contrast, the source water which exceeds the tertiary treatment capacity is separated
from the treatment process for recycling and discharged into ocean after treatment. For
example, when the storm flow into the plant exceeds the tertiary treatment capacity, this
excess water is treated through the high rate sedimentation process in order to remove
solids rapidly (Sydney Water, 2006). The effluent is then treated through the UV
disinfection before discharged into ocean.

Furthermore, part of the effluent from the primary treatment (screening, grit removal
and sedimentation processes) is also separated from the tertiary treatment for recycling.
This excess water is treated through Conventional Activated Sludge (CONVAS) and
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sand filtration in order to remove solids. The effluent from the sand filtration is finally
treated through the UV disinfection and discharged into ocean.

In addition, the

biosolids resulting from the treatment process includes high nutrient organic matters
(Sydney Water, 2006). These biosolids are collected and further treated for reuse such
as agriculture and landscaping.

Figure 5-2. Wastewater treatment process in WSTP (adapted from Sydney Water,
2006)
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5.1.3

MF system

The MF system used in the WWRP is composed of multiple MF Units, which consist of
many hollow fibre membrane modules. According to the plant operation guideline
(Veolia Water Systems, 2005a), there is a total of 9 MEMCOR Continuous
Microfiltration (CMF) Units including 1 standby Unit. Each MF Unit consists of a
module block of 16 MF modules in row multiplied by 7 in array, given of a total of 112
MF modules per one CMF Unit as can be seen in Figure 5-3. During the filtration, the
feed water is fed into each MF module in parallel. The feed water is treated through
each module and produces the micro-treated water as the permeate flow. The permeate
flows from each module are collected into one stream as the permeate water from the
MF system and pumped into the RO system for a further treatment.

The schematic designs of the MF system and a MF Unit are shown in Appendix-B and
Appendix-C, respectively.

Figure 5-3. An image of the MF system
(This photo was taken by the author in 2008 at the WWRP located on the south coast of
NSW)
Furthermore, the membrane system is fully automated. Both the MF and RO systems
are controlled automatically by the programmable logic controller or PLC (Memcor,
2003). The intermittent plant operations are fully automated by the online monitoring
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and control system, named Supervisory Control and Data Acquisition (SCADA). For
example, backwash is automatically initiated by SCADA based on its pre-programmed
limiting condition. SCADA also regularly monitors the operating conditions, calculates
the performance data (e.g. overall pressure drop and total resistance), stores these data,
and raises a warning if the condition exceeds the operating limits.

In particular, overall pressure drop is automatically controlled by SCADA in order to
maintain the designed flux under a constant flux operation. For example, SCADA
increases the feed pressure level when the higher overall pressure drop is necessary to
maintain the required flux (Brewster, 2008, pers. comm.). Otherwise, the flux gradually
decreases due to membrane fouling and eventually the MF system performance
decreases.

5.1.4

MF membrane module

Hollow fibre membranes are used in the MF system. The MF module is MEMCOR
M10C hollow fibre membrane with outside-in configuration (Veolia Water Systems,
2005a; Sydney Water, 2006). The mean pore size is 0.2 µm. The membrane material is
Polypropylene (PP). These hollow fibre modules are operated under a direct-flow,
constant flux mode. Each module consists of approximately 20,000 hollow fibres
(Siemens, 2009). The properties of the MF module is summarised in detail in Table
5-1.

The membrane age was calculated based on the sum of the continuous operating periods
under the normal operation. All MF modules were installed in early 2006 but they were
not used continuously at the initial stage. The MF modules have been fully operated
since September 2006 except for down times of the MF-RO systems between August
and October 2008 due to the chemical tank burst (Brewster, 2008, pers. comm.).
Therefore, the MF membrane age was calculated at approximately 32 months old (2.7
years old) until August 2009.
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Table 5-1. MF membrane properties (Veolia Water Systems, 2005a; Brewster, 2008,
pers. comm.; Brown, 2009, pers. comm.; Groth, 2009, pers. comm.; Siemens, 2009)
Properties
Values/Names
MEMCOR Continuous Microfiltration (CMF),
Manufacturer/Product name
M10C, provided by Siemens
Material
Polypropylene (PP)
Module type
Hollow fibre
Filtration direction
Outside to inside
Flow regime
Direct-flow (or semi-deadend flow)
Pore size (Nominal)
0.2 µm
Clean membrane resistance
2.5×1012 m-1
Average membrane filtration area
34 m2 (Outside surface area of fibres )
per module
Approx. 32 months old (2.7 years old) on
Membrane age in the MF system
August 2009
Outer diameter of the fibre
600 µm
Inner diameter of the fibre
270 µm
Number of fibres per module
20,000
(Nominal)
Overall dimensions
- Length
1157 mm
- Diameter
119 mm

5.1.5

Normal filtration process

During the filtration, the MF membrane can remove particles larger than the membrane
pore size (0.2µm) from the feed water (Veolia Water Systems, 2005a). As focused on a
single fibre, the feed water is pumped from the outside of a fibre to the inside, which is
called lumen (See Figure 5-4a). Thousands of fibres are packed in a single module (See
Figure 5-4b and Figure 5-4c). Since there is no concentrate stream in a direct-flow
mode, all particles rejected by a fibre are retained at the outer wall of each fibre (See
Figure 5-4d). However, the accumulation of the particles on a fibre is removed by
regular backwash.

As focused on a module, the feed water flows through two inlets fitted at the top and
bottom of the module as shown in Figure 5-5 (Veolia Water Systems, 2005a). The
water filtered through the fibres is then collected into the centre tube of the module.
This filtered water from the centre tube is collected through two outlets fitted at the top
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and bottom of each module. All filtered water is collected into one stream and it
becomes the MF permeate water.

Figure 5-4. Schematic views both of a single hollow fibre and the hollow fibre
membrane module with outside-in configuration used in the MF system (adapted from
Siemens, 2006; Sydney Water, 2006)

Figure 5-5. A schematic diagram of the filtration process of a hollow fibre membrane
module with outside-in configuration used in the MF system (adapted from Veolia
Water Systems, 2005a; Pearce, 2007e)
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5.1.6

Membrane cleaning process – backwash vs. chemical cleaning

For fouling control, backwash and chemical cleaning are employed in the MF system.
During the filtration, the particles rejected by the membrane accumulate on and within
the membrane structure. The accumulation of the particles causes an increase in overall
pressure drop under a constant flux operation and then causes a decrease in the filtration
performance. However, backwash can remove these particles and restores fully or
partially the filtration performance. In the MF system, air backwash is periodically
undertaken during the filtration operation. When backwash is unable to restore the
filtration performance, chemical cleaning is undertaken. When air backwash is unable
to restore the filtration performance, Clean-In-Place (CIP) is employed as chemical
cleaning.

The manufactrurer suggests the operating condition to initiate air backwash and CIP
operations. Air backwash and CIP are undertaken based on the time interval and the
operating limit, such as when a change in total resistance ∆Rtot(t) exceeds the limit.
Although overall pressure drop was previously used for a trigger of backwash and CIP,
it is currently not used (Brewster, 2008, pers. comm.). More details about the method
to determine a change in total resistance, backwash criteria and CIP criteria are
described as follows.

A change in the total resistance
A change in the total resistance ∆Rtot(t) is used as a trigger to initiate backwash or CIP.
Total resistance Rtot(t) per unit module is automatically calculated by SCADA using
Eq.3-7 as,
[1012 m-1] ……….….….. Eq.5-1
where
-

J(t) is the permeate flux [m3∙m-2∙s-1 or L∙m-2∙h-1] calculated by Eq.3-7 using the
permeate flow rate measured at time t [s] and the membrane filtration area
Am=34 m2 per unit module (the outside surface of the membrane fibres).

-

∆P(t) is the overall pressure drop [Pa] automatically calculated by SCADA by
Eq.3-12 using the feed and permeate pressures measured at time t [s].
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-

µ(t) is the dynamic viscosity of the feed [Pa∙s] at the standard temperature 20 ºC
converted from the viscosity at a temperature measured at time t [s]. This is
calculated by SCADA by Eq.3-17.

Then, a change in total resistance per unit module ∆Rtot(t) is given by (Veolia Water
Systems, 2005a),
[×1012 m-1] ……... Eq.5-2
where
-

[Rtot(t)]initial is the total resistance [×1012m-1] at time t [s] at the initial stage
immediately after backwash or CIP

-

[Rtot(t)]final is the total resistance [×1012m-1] at time t [s] at the final stage just
before the sequence backwash or CIP.

Air backwash
SCADA automatically controls a backwash operation based on the operating criteria.
Air backwash is mainly undertaken every 30 minutes in each MF Unit (Memcor, 2003;
Brewster, 2008, pers. comm.). When a change in total resistance exceeds the limit,
∆Rtot(t) > 0.3×1012 m-1, air backwash is also automatically initiated. The backwash
period is about 2-3 minutes (Memcor, 2003; Veolia Water Systems, 2005a). The MF
Unit operated under backwash is taken off from the normal filtration mode. During
backwash operation, air compressed at 600kPa dislodges the particle deposition on a
fibre from the inside to outside (reverse flow to the normal filtration).

According to the plant operation manual (Memcor, 2003; Veolia Water Systems, 2005a),
there are five steps during air backwash as follows:
-

The first step is lumen drain: water retained in the fibres is forced downward and
removed from the module by air pressured at 120kPa. During this step, the
pressurised air goes into the module through the air inlet valve and goes out
from the permeate valve in Figure 5-5. Other valves are closed.

-

Once the lumes are drained, air within the module is pressurised up to 600kPa.
During this step, pressurised air goes into the module through the air inlet valve
and intermediate valve B, while other valves are closed (Figure 5-5).
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-

Once the modules are pressurised, the backwash valve and intermediate valve A
are opened. This valve opening causes a rapid decrease in the pressure at the
outside of fibres (the feed side). As a result, the high pressured air within the
lumens (at inside of fibres) rapidly moves to outside of the fibres through pores.
This phenomenon results in the vibration of fibres and shaking off or bursting
the particles retained on the outer wall of fibres. This step is called blowback.

-

After the blowback step, the particles dislodged are retained at the bottom of the
module.

-

At the next sweep step, the feed water is fed into the module from the bottom to
top for the removal of these particles dislodged.

As a result, all particles

resulting from backwash steps are flushed out from the modules. During this
step, the backwash valve, feed valve and intermediate valve B are opened while
other valves are closed (Figure 5-5).
-

At the last step, the fibre lumens are refilled with liquid. During this refill step,
the feed water goes into the module through the feed valve and removes air
bubbles. As a result, the lumen of each fibre is filled with the feed water and the
modules are ready to start the normal filtration. In this step, the feed valve,
permeate exhaust valve and intermediate valve B are only opened (Figure 5-5).

Chemical cleaning – CIP
SCADA controls a CIP operation based on the operating criteria. For chemical cleaning,
CIP is undertaken every 9 weeks or 63 days, which is suggested by manufacturer
(Memcor, 2003; Veolia Water Systems, 2005a). When a change in the total resistance
exceeds the limit, ∆Rtot(t) > 6.0×1012 m-1, CIP is also undertaken.
The caustic solution is mainly used for the minimisation of organic fouling in the MF
system (Memcor, 2003; Veolia Water Systems, 2005a; Brewster, 2008, pers. comm.;
Sydney Water, 2009).

The typical caustic CIP solution for polypropylene M10C

membrane is a 2 - 4 % caustic based solution, which is prepared by mixing 2% of
caustic with 2% of MEMCLEAN C (caustic based cleaner with a pH range between 7
and 10) and make-up RO permeate water. On the other hand, the acid solution has been
used only a few times. The typical acid CIP solution is made by mixing 0.1% of
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sulphuric acid with 2% of EDTA (ethylenediaminetetraacetic acid) and make-up RO
permeate. The acid solution is used to remove inorganic fouling and bio-fouling (Ganz,
2003).

In the WWRP, the plant operation guideline (Veolia Water Systems, 2005a) suggests
that the acid solution will be used in every third CIP operation for each Unit and the
caustic solution will be used in the others. In practice however, caustic solution is
mainly used for low pH feed water, whereas acid solution is used very few times (e.g. a
couple of timese per years) when the feed water has a high pH level (Brewster, 2008,
pers. comm.). For the improvement of cleaning efficiency, the CIP solutions are usually
heated to 40 ºC before used.

Summary of the criteria for air backwash and CIP
The criteria for air bakcwah and CIP discussed above are summarised in Table 5-2.
Table 5-2. Summary both of air backwash and CIP operations (Memcor, 2003; Memcor
Technology Centre, 2005; Veolia Water Systems, 2005a; Brewster, 2008, pers. comm.)
Cleaning
Type
Details/Limiting factors
method
Type
Air compressed backwash
Time
Every 30 minutes
Backwash
Criteria interval
∆Rtot(t) When ∆Rtot (t)> 0.3×1012 m-1
*To remove organic fouling. This CIP is mainly
operated.
Caustic *40-50 mS/cm and pH>13caustic solution including,
CIP
- 2% Caustic (sodium hydroxide)
- 2% MEMCLEAN C (Caustic based cleaner)
- RO permeate (make-up)
Type
*To remove inorganic fouling and bio-fouling.
CIP
*pH=2 acid solution including,
Acid
- 2% EDTA (ethylenediaminetetraacetic acid)
CIP
- 0.1% Sulphuric Acid
- RO permeate (make-up)
Time
Every 9 weeks (63 days)
Criteria interval
∆Rtot(t) When ∆Rtot (t)> 6.0×1012 m-1
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5.1.7

Preparation of the MF feed water

The feed water to the MF system is the secondary effluent further treated by the sand
filtration. Before the feed water is fed into the MF system, some chemicals are dosed
with this feed water as chemical wash in order to minimise organic fouling. Sodium
hypochlorite and aqueous ammonia are added into the feed water for disinfection
(Veolia Water Systems, 2005a; Brewster, 2009, pers. comm.). These chemicals can
minimise the potential of organic fouling on the MF membranes during the filtration by
the formation of chloramines residuals. As a result, these chemicals contribute to a
reduction in frequency of membrane cleaning and thus an increase in the continuous
filtration period.

However, higher sodium hypochlorite dosage or lower aqueous ammonia dosage cause
the formation of free chlorine in the feed water (Veolia Water Systems, 2005a). The
free chlorine residuals damage the membrane material. This causes the degradation of
the filtration performance and product water as well as requires the replacement of the
fouled membrane modules. For these reasons, the free chlorine is limited as 2-3 mg∙L-1
as total chlorine in the MF system.

Additionally, sulphuric acid is dosed with the feed water in order to maintain a low pH
level when the feed pH level exceeds 7.4 (Veolia Water Systems, 2005a). This acid
dosage can minimise organic fouling potential as well as avoid the degradation of
membrane material.

5.1.8

Limiting factors in the MF system operation

The MF system operation must be controlled within a range of an appropriate operating
condition for the plant optimisation. During the filtration operation, 8 CMF Units are
normally operated in the MF system. Each CMF Unit is operated under a fixed flux of
approximately 2.9MLD (0.034m3∙s-1).

This is designed for a production of up to

25MLD (normally 23.5 MLD) of micro-filtered water in the MF system in order to meet
20MLD recycling water of the RO demand. These limiting factors and others for the
MF system operation are recommended by the manufacturer (Memcor Technology
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Centre, 2005; Veolia Water Systems, 2005a; Brewster, 2009, pers. comm.). These
limiting factors are summarised in Table 5-3.
Table 5-3. Limiting factors for the normal filtration condition in the MF system
operation suggested by manufacturer (Memcor Technology Centre, 2005; Veolia Water
Systems, 2005a; Brewster, 2009, pers. comm.)
Limiting factors
Nominal condition/ Limited range
Normal filtration condition
Constant flux mode with 8 MF Units operated
23.5 MLD (0.272 m3∙s-1) in the MF system
Product capacity
*Normal range is within 10% above/below of the
(Average permeate flow rate)
average
Hollow fibre membranes with outside-in
MF membrane
configuration (See Table 5-1)
28.3 MLD (= 0.328 m3∙s-1) in the MF system
Feed flow rate (Average)
*Normal range is within 50% above/below of the
average
Max: 160 kPa
Overall pressure drop
*The average should not exceed 90 kPa
Free chlorine residuals in the
Allowable range: 2 – 3 mg∙L-1
feed
Max. of feed pressure
450 kPa
Allowable range: 16 – 24 ºC
Feed temperature
Max. range :
0 – 40 ºC
Normal range: 5.5 – 7.4
Feed pH
Max. range: 2 – 14
*The target pH level was set up at 6.7 (July 2009)
Feed oxidation reduction
Normal range is within 300 – 600 mV
potential
Warning when it exceeds 4kPa∙min-1
Pressure decay test
Unit shut-down when it exceeds 10kPa∙min-1
Change in the total resistance
Initiate backwash when ∆Rtot(t) exceeds 0.3×1012m-1
Initiate CIP when ∆Rtot(t) exceeds 6.0×1012 m-1
∆Rtot(t)
Backwash
Air backwash every 30 minutes (See Table 5-2)
Mainly caustic CIP is used, every 9 weeks
CIP
Max. number of the CIP frequency: 500 times for
the membrane (See Table 5-2)
As shown in Table 5-3, many operating factors are limited within the allowable range to
avoid damaging the membrane material and minimising fouling potential. Since the MF
modules are contains polypropylene fibres, they are sensitive to chlorine and other
oxidising agents (Memcor, 2003). Therefore, it is important to control the levels both of
free chlorine residuals and oxidation reduction potential (ORP) in the feed. The feed
water is also controlled within an appropriate pH level and temperature to avoid
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damaging the membrane material. It is also predicted that the maximum number of the
CIP frequency is 500 times over the membrane life (Veolia Water Systems, 2005a). In
addition, overall pressure drop must not exceed 160kPa.

Furthermore, the manufacturer originally provided Feed Fouling Index (FFI) as an
indicator of the fouling potential (Memcor, 2003; Veolia Water Systems, 2005a). The
FFI is automatically calculated for each MF Unit by SCADA.

According to the

manufacturer, FFI estimates the rate of the fouling potential based on an increase in
total resistance at a permeate volume filtered at the initial and last stages during the
filtration between backwash operations:
[×1012 m-2] ..……. Eq.5-3
where
-

V(initialfinal) is the total permeate volume [m3] produced between backwash
intervals, which are between at just before backwash and at immediately after
the subsequent backwash.

-

Am is the membrane filtration area per module: Am =34 m2 (the outside surface
of the membrane fibres)

-

Nm is the number of the MF modules in a MF Unit: Nm =112.

According to the plant operation guideline (Memcor, 2003; Veolia Water Systems,
2005a), FFI is typically in the range of approximately 1 to 100 [×1012m-2]. However, a
FFI value has not been used in practical operations in the WWRP (Brewster, 2009, pers.
comm.).

5.1.9

Reasons for the shut-down of the MF system

The MF system had been shut-down for several reasons. The MF system has been
continuously operated since September 2006, however the whole system or some MF
Units had been shut-down due to mechanical failures in the plant. According to a plant
operator (Brewster, 2009, pers. comm.), the whole MF system was shut-down for 3
months (between 4 August and 27 October, 2008) due to a chemical tank burst.
Additionally, MF Unit A1 had been shut-down for a month (between 7 July and mid
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August 2009) since the PLC batteries used for this Unit were broken and needed to be
fixed. Therefore, no operating data were available during such down periods.

Furthermore, no CIP was undertaken between March and July in 2009. This is because
the neutralisation tank, which cleans fouled water resulting from backwash and CIP,
had been broken and it was impossible to undertake CIP for all MF Units.

5. 2

Data Collection from a Full-scale MF System

5.2.1

Data collection via SCADA

For the evaluation of the new fouling model, full-scale data were collected from an
industry operated MF plant. This MF plant treats secondary effluent as a part of a
municipal wastewater treatment plant – Wollongong Wastewater Reclamation Plant
(WWRP) located on the south coast of NSW, Australia, as discussed in Section 5. 1.
The operating data were collected from one of the MF Units, Unit A1, as a style of the
time series data. The data were capable from SCADA. The variables of the data
include the operating parameters, feed and permeate water quality parameters, and
performance data as shown in detail in Table 5-4.

In this study, the feed conductivity data collected from the RO system was used as the
MF permeate conductivity. In the WWRP, the MF permeate conductivity itself was not
measured, but it can be assumed that the permeate conductivity at the MF system is the
same as the feed conductivity at the RO system. This is because the conductivity level
is measured at the RO feed stream before dosing with antiscalant and therefore the MF
permeate water has the same water quality as the RO feed water at the conductivity
measurement.

Furthermore, the performance data were automatically calculated by SCADA. The data
include overall pressure drop by Eq.3-12, total resistance by Eq.3-7, FFI by Eq.5-3 and
pressure decay test results, while others were directly measured in the MF Unit A1.
The data interval and duration are summarised in Table 5-5. The data interval was
either 1 hour or 1 minute. Most of the data were collected over 20 months between
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January 2008 and September 2009. In contrast, some data were collected over a shorter
duration between October 2008 and September 2009, including overall pressure drop,
total resistance, FFI, and pressure decay test. This is because these data were not
collected in the early stages of the study.

Table 5-4. Operating data collected via SCADA from an industry operated MF plant
Operating parameters

Unit

Feed pressure
Permeate pressure
Permeate flow rate
Feed free chlorine
residuals
Feed oxidation reduction
potential (ORP)
Feed pH
Permeate turbidity

kPa
kPa
L∙s-1

Number of decimals in stored
data
0 decimal (e.g. 226kPa)
0 decimal (e.g. 199kPa)
1 decimal (e.g. 26.4 L∙s-1)

mg∙L-1

2 decimal (e.g. 0.01 mg∙L-1)

mV

1 decimal (e.g. 353.6 mV)

NTU

2 decimal (e.g. 6.71)
3 decimal (e.g. 0.001 NTU)

Permeate conductivity

µS∙cm-1

2 decimal (e.g. 960.74 µS∙cm-1)

Measured in the
RO System

Overall pressure drop
Total resistance
Feed fouling index (FFI)
Pressure decay test

kPa
1012∙m-1
1012∙m-2
kPa∙min-1

1 decimal (e.g. 29.1kPa)
2 decimal (e.g. 3.89 ×1012∙m-1)
1 decimal (e.g. 13.6 ×1012∙m-2)
2 decimal (e.g. 0.59 kPa∙min-1)

Performance
data calculated
by SCADA

Data Source
Measured in the
MF Unit A1

Measured in the
MF System

Table 5-5. Data interval and duration of data collection via SCADA
Operating parameters
Feed pressure
Permeate pressure
Permeate flow rate
Permeate turbidity
Permeate conductivity
Feed free chlorine
residuals
Feed oxidation reduction
potential (ORP)
Feed pH
Overall pressure drop
Total resistance
Feed fouling index (FFI)
Pressure decay test

Data start

At 03:00 on
10 Jan, 2008

At 00:00 on
27 Oct,
2008

Data end

At 00:00
on 5 Sep,
2009

Data
duration

Data interval
Every 1
Every 1
hour
minute

yes

yes

yes

Not
collected

13426 hours
(20 months)

8533 hours
(11 months)

yes
yes

Not
collected
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5.2.2

Limitations of the data collection via SCADA

There are some limitations in the SCADA system. First of all, SCADA stores operating
data for only 1 year. The operating data were collected via SCADA several times in
this study, however some parameters were not collected during the early stages of the
study, including the performance data calculated by SCADA (overall pressure drop,
total resistance, FFI, and pressure decay test results) as shown in Table 5-5. Therefore,
these data have shorter data duration than the others.

Secondly, it was impossible to collect some key parameters since they were not capable
in SCADA. For instance, both feed temperature and flow rate are only available from
the SCADA display as a snap shot data. Other feed water quality parameters (e.g.
turbidity and conductivity) were not available from SCADA, even if they are important
to assess the filtration performance. However, the feed temperature is involved in total
resistance calculated by SCADA and then its effect was able to be accounted for the
performance analysis in this study.

Unlike controlled experiments in a laboratory, full-scale data were collected via
SCADA from an industry operated plant in this study. Industrial data contain many
outliers because the data involve all data measured not only during the normal filtration
but also during maintenance operations, such as, the data during backwash, CIP, Unit
shut-down and other maintenance operations. The data collected out of the normal
filtration are considered as outliers.

Such outliers may negatively affect the data

analysis and mislead the assessment of the filtration performance. For these reasons, it
was necessary to remove outliers from the original data before the assessment of the
filtration performance.

5.2.3

Collection of the CIP handheld log

For fouling control, CIP is regularly operated every MF Units. In the WWRP, all CIP
operations have been recorded as the log note by plant operators. This handheld log
was collected, which involved CIP logs between May 2006 and September 2009.
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In the log, both the total resistance and overall pressure drop were also recorded most of
the times before and after CIP operation by operators using SCADA. However, these
parameter values are questionable in accuracy due to human errors. The main reason is
that an operator did not always record these values. Additionally, the timing to read the
parameter values from the SCADA display was different each time depending on
operators. Therefore, these values were used only for the confirmation if CIP was
effective to remove foulants or if both the total resistance and overall pressure drop
decreased immediately after CIP.

5. 3

Data Processing Tools

5.3.1

Numerical programming tool

The operating data collected via SCADA were processed and analysed on MATLAB
software. MATLAB software is a numerical programming environment with graphical
user interface tools. The recent software MATLAB R2009a (Version 7.8) was installed
to the computer in the university. In particular, the following graphical interface tools
were mainly used for the data analysis:
-

Plot tool (plottools)

-

Curve-fitting tool (cftool) and 3D Surface Curve-fitting tool (sftool)

-

Normal distribution tool (dfittool)

5.3.2

Data processing on MATLAB software

Significant data processing was required before the assessment of the filtration
performance. When the data were collected in the plant, they were saved in reverse
chronological order into a comma separated values (CSV) file ―*.csv‖. The data were
also saved in several CSV files via SCADA because it was impossible to put all data
into one file at one time due to the limitation of the maximum size of data collection
from SCADA (e.g. about 1MB at each data collection). Therefore, all CSV files were
combined together and then converted into a Microsoft Excel file ―*.xls‖ on the
computer at first.
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Next, it was necessary to process the data saved in an Excel file for the assessment of
the filtration performance on MATLAB. For this purpose, data processing programs
were developed on MATLAB software. By running these programs, the original data in
an Excel file were automatically loaded into MATLAB software and converted to the
proper data styles in chronological order excluding outliers.

The data processing

programs developed on MATLAB software allows for fast and accurate data analysis.

The simple flow-chart of the programs to process the data on MATLAB software is
illustrated in Figure 5-6. These program codes are also given in Appendix-D.

Figure 5-6. Simple flow-charts of the data processing programs developed on
MATLAB software: (a) Main program of making operating data excluding outliers, and
(b) Sub-program of loading operating data and combining all data with time, which is
used in the main program
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5. 4

Methods to Remove Outliers

5.4.1

Overview

It is necessary to exclude outliers from the operating data collected via SCADA before
the performance assessment. The data were arranged in a style of the same time series
on MATLAB software. Outliers in the data can be removed when they are at the same
time series of outliers in the three key parameters, including overall pressure drop,
permeate flow rate and total resistance. The methods of selecting outliers are explained
in detail in the following sections.

5.4.2

Method of finding outliers in overall pressure drop

For the removal of outliers from overall pressure drop ∆P(t), it is necessary to define the
range of the data ∆P(t) during the normal filtration. Overall pressure drop ∆P(t) is a
driving pressure to impose a feed water toward to the membrane surface, which is
calculated by subtracting a permeate pressure from a feed pressure as defined in Eq.312. Thus, a feed pressure must be greater than a permeate pressure. It is therefore clear
that the data ∆P(t) must be over 0 during the normal filtration. However, some negative
values or 0 were found in the operating data ∆P(t) collected via SCADA. It can be
assumed that these data were collected during out of the normal filtration operation,
such as during backwash, CIP, Unit shut-down or other maintenance operation.
Therefore, it is necessary to remove such data as outliers.
In the data ∆P(t)>0kPa, the statistical analysis of the data ∆P(t) was performed as
shown in Table 5-6. In this study, the data ∆P(t) calculated on MATLAB software was
used for this statistical analysis rather than those automatically calculated by SCADA,
since they cover a longer operation period. The feed and permeate pressures measured
in the MF Unit A1 were the data with a 1 hour data interval collected between 10 Jan
2008 and 23 Jul, 2009.

From statistical analysis (Table 5-6) and observation of the normal distribution (Figure
5-7), the normal range of ∆P(t) values was assumed within ―Mean ± 1.5 × (Standard
Deviation)‖ of the data ∆P(t)>0 kPa.

The normal operation range was assumed
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between 9.7 and 51.0 kPa with consideration of up to the first places of decimals stored
in SCADA. The data ∆P(t) within this normal operation range included most of the
data points (89.27%). This range was also agreed with a plant operator‘s knowledge in
the WWRP (Brewster, 2009, pers. comm.). Therefore, the operating data in the same
time series as outliers of the data ∆P(t), which are out of 9.7<= ∆P(t) <=51.0kPa, were
excluded as outliers.
Table 5-6. Statistical analyses of overall pressure drop
Data duration/interval

Data ∆P(t)>0kPa

Normal operation range:
Mean±1.5×SD

10 Jan, 2008 to 23 Jul, 2009 (19 months)
with a 1 hour data interval
No. of the data
8,205
Min
1.0 kPa
Max
94.0 kPa
Mean
30.3 kPa
Standard Deviation 190.1 kPa
Variance
13.8 kPa
9.7 <= ∆P(t) <= 51.0 kPa
(89.27% to the total data of ∆P(t) >0kPa)

Figure 5-7. Normal distribution of overall pressure drop ∆P(t) [kPa] within ∆P(t)>0kPa
with a 1 hour data interval between January 2008 and July 2009
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5.4.3

Method of finding outliers in permeate flowrate

For the removal of outliers from permeate flow rate Qp(t), it is necessary to define the
range of the data Qp(t) during the normal filtration. Permeate flow rate Qp(t) was
directly measured in the MF Unit A1. Like overall pressure drop ∆P(t), the data Qp(t)
must be a positive number and over 0 L∙s-1 under the normal filtration, since there must
be some permeate water during the filtration. However, some data were found nearly 0
or 0 L∙s-1 in the operating data Qp(t) collected via SCADA. Since it can be assumed that
these data were collected during out of the normal filtration operation, they should be
excluded as outliers.

According to the plant operation guideline (Veolia Water Systems, 2005a), the nominal
permeate flow rate is defined within 10% excess of its average of the designed permeate
flow rate. When the designed flow rate is 34 L∙s-1 for a MF Unit since 272 L∙s-1 in the
MF system as shown in Table 5-3, this range within 10% excess of the designed
permeate flow rate covered only 7.51% data over the total data points in the raw data
Qp(t). Therefore, this range was not applied for the removal of outliers.
On the other hand, the normal operation range of the data Qp(t) was assumed between
17 and 51L∙s-1, which is within 50% excess of the designed permeate flow rate. This
range contained most of the data, such as 70.32% over the total data Qp(t). Within the
data 17<= Qp(t) <=51L∙s-1, the statistical analysis of the data Qp(t) was performed as
shown in Table 5-7. The measured data Qp(t) were collected from the MF Unit A1, with
a 1 hour data interval between 10 Jan, 2008 and 23 Jul, 2009.

From statistical analysis (Table 5-7) and observation of the normal distribution (Figure
5-8), the normal operation range of Qp(t) was assumed within ―Mean ± 2 × (Standard
Deviation)‖ of the data 17<= Qp(t) <=51 L∙s-1. Therefore, the normal operation range
was assumed between 19.1 and 43.0 L∙s-1 with consideration of up to the first places of
decimals stored in SCADA. The data out of this range were excluded as outliers. The
data Qp(t) within this range included most of the data points (95.72% of the data 17<=
Qp(t) <=51 L∙s-1). Therefore, the operating data in the same time series as outliers of the
data Qp(t), which are out of 19.1<= Qp(t) <=43.0 L∙s-1, were excluded as outliers. This
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range also limits the flux J(t) calculated by Eq.3-7, such as 18.06 <= J(t) <= 40.65 L∙m2

∙h-1 when the membrane filtration area is 3808m2 in 1 MF Unit (=34 m2 × 112 CMF

modules per Unit).
Table 5-7. Statistical analysis of permeate flow rate
Data duration/interval

Data 17<=Qp(t)<=51L∙s-1

Normal operation range:
Mean±2×SD

10 Jan, 2008 to 23 Jul, 2009 (19 months)
with a 1 hour data interval
No. of data
8,526 (70.32% to the total data Qp(t)>0)
Min
17.0 L∙s-1
Max
50.7 L∙s-1
Mean
31.0 L∙s-1
Standard Deviation 6.0 L∙s-1
Variance
35.8 L∙s-1
19.1 <= Qp(t) <= 43.0L∙s-1 or 18.06<= J(t) <=40.65 L∙m-2∙h-1
(95.72% to the total data of 17<= Qp(t) <=51L∙s-1 )

Figure 5-8. Normal distribution of permeate flow rate Qp(t) [L∙s-1] within 17<=
Qp(t)<=51 L∙s-1 with a 1 hour data interval between January 2008 and July 2009

5.4.4

Method of finding outliers in total resistance

Total resistance Rtot(t) is defined by Eq.3-7, which is automatically calculated by
SCADA. Since the clean membrane resistance was provided as Rmo =2.5×1012 m-1, it is
clear that the minimum value of total resistance is Rtot(t)=2.5×1012 m-1. Additionally,
when a change in total resistance Rtot(t) exceeds 6.0×1012 m-1, CIP is undertaken (Table
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5-2). As a result, it can be assumed that the maximum value of total resistance is Rtot(t)
= (6.0 + 2.5) ×1012 = 8.5×1012 m-1. Therefore, the data Rtot(t) must be between 2.5×1012
m-1 and 8.5×1012 m-1 during the normal filtration and the data out of this range can be
outliers .
Within the data 2.5×1012 <= Rtot(t) <=8.5×1012 m-1, the statistical analysis of the data
Rtot(t) was performed as shown in Table 5-8. The data Rtot(t) were collected from the
MF Unit A1, with a 1 hour data interval between 10 January 2008 and 23 July 2009.

From statistical analysis (Table 5-8) and observation of the normal distribution (Figure
5-9), the normal filtration range of Rtot(t) assumed within ―Mean ± 4 × (Standard
Deviation)‖ of the data 2.5×1012 <= Rtot(t) <=8.5×1012 m-1. Therefore, the normal
filtration range was assumed between 2.50×1012 m-1 and 4.83×1012 m-1 with
consideration of the second places of decimals stored in SCADA. The data out of this
normal filtration range was excluded as outliers, which was only 0.02% of the total data
points.
Table 5-8. Statistical analysis of total resistance
Data duration/interval

2.5<= Rtot(t) <=8.5
[×1012 m-1]

Normal filtration range:
Rmo to “Mean+4×SD”

27 Oct, 2008 to 23 Jul, 2009 (9 months)
with 1 a hour data interval
4,539 ×1012∙m-1
No. of data
(99.98% to the total data of Rtot <=
2.5×1012 m-1: 4,540)
Min
2.50 ×1012∙m-1
Max
4.40 ×1012∙m-1
Mean
3.6577 ×1012∙m-1
Standard Deviation 0.2923 ×1012∙m-1
Variance
0.0854 ×1012∙m-1
12 -1
2.50 ×10 m <= Rtot <= 4.83 ×1012∙m-1
(100% to the total data of 2.5<= Rtot <=8.5 ×1012∙m-1)
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Figure 5-9. Normal distribution of total resistance Rtot(t) [×1012 m-1] within 2.50×1012
<= Rtot(t) <= 4.83×1012 m-1 with a 1 hour data interval between October 2008 and July
2009

5.4.5

Removal of outliers from operating data

Based on the above methods, the time series data of outliers can be found at each key
parameter, such as outliers in the overall pressure drop, permeate flow rate (or flux) and
total resistance. When these time series data are combined, it is possible to separate the
operating data into the data during the normal filtration and outliers.

On MATLAB software, the operating data are arranged in a style of the same time
series as shown in Figure 5-10. When the time series of outliers in the key parameters
are removed, it is possible to find the data during the normal filtration based on the data
within the normal operating range of 19.1<= Qp(t) <=43.0L∙s-1, 9.7<=∆P(t)<=51.0kPa,
and 2.50×1012<= Rtot(t) <= 4.83×1012 m-1. Based on the selected time series of outliers,
outliers were removed from the other operating data collected via SCADA. As a result,
outliers are removed from the operating data and then the data without outliers can be
obtained in the same time series. These data excluding outliers were used for the
assessment of the filtration performance and the evaluation of the new fouling model
proposed in this study.
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Figure 5-10. An example of operating data in the same time series excluding outliers:
This shows the method to remove outliers from operating data based on outliers selected
in overall pressure drop ∆P(t), flux J(t) and total resistance Rtot(t)

5. 5

Summary

This chapter has described the study of an industry operated MF plant in municipal
secondary effluent reuse, and the methodology of the collection of full-scale data
obtained from that plant and the data processing.

As a case study, the MF plant using hollow fibre membranes was investigated. This MF
plant is used for the pre-treatment process of a RO system in the WWRP located on the
south coast of NSW, Australia. The WWRP is one of the systems in the WSTP which
is known as the first of its kind in Australia to demonstrate secondary effluent reuse.
This plant produces up to 20MLD (7.3 billion litres annually) of high quality recycled
water for steel-making process (Wintgens et al., 2005; Sydney Water, 2006; Veolia
Water, 2009).

The MF system is composed of multiple MF Units, which consist of many hollow fibre
membrane modules. There is a total of 9 MEMCOR CMF Units including 1 standby
Unit (Veolia Water Systems, 2005a). Each MF Unit consists of a module block of 16
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MF modules in row multiplied by 7 in array, given of a total of 112 MF modules per
one CMF Unit. The MF module is MEMCOR M10C hollow fibre membranes with
outside-in configuration, which consists of approximately 20,000 hollow fibres and are
operated under a direct-flow, constant flux mode. The membrane mean pore size is 0.2
µm.

During the filtration, the feed water is fed into each MF module in parallel. The feed
water is treated through each module and produces the micro-treated water as the
permeate flow. The permeate flows from each module are collected into one stream as
the permeate water from the MF system and pumped into the RO system for a further
treatment. The intermittent plant operations are fully automated by SCADA.

For membrane cleaning, the MF system employs air backwash and CIP. Air backwash
is undertaken every 30 minutes in each MF Unit (Memcor, 2003; Brewster, 2008, pers.
comm.). When air backwash is unable to restore the filtration performance, CIP is
employed as chemical cleaning. CIP is generally undertaken every 9 weeks per each
Unit, which is suggested by manufacturer (Memcor, 2003; Veolia Water Systems,
2005a). In addition, air backwash and CIP are initiated when a change in the total
resistance ∆Rtot(t) exceeds the maximum allowable level. For example, air backwash is
automatically initiated when ∆Rtot(t) >0.3×1012 m-1. On the other hand, CIP is initiated
when ∆Rtot(t) >6.0×1012 m-1.
Furthermore, the CIP handheld log recorded by plant operators was collected for
understanding of the CIP operation and its interval in the plant. The operating data
were also obtained from one of the MF Units in the WWRP – MF Unit A1. The
variables of the data were capable from SCADA, including feed flow rate, overall
pressure drop, feed and permeate pressures, and water quality parameters. The data
were collected in the time series with a 1 minute or 1 hour data interval over 20 months
between January 2008 and September 2009.

However, there are limitations in data collection via SCADA. One limitation is that
SCADA stores operating data for only 1 year. It is therefore impossible to collect the
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operating data which are older than 1 year. It is also impossible to collect some key
parameters since they are currently not capable via SCADA.

In addition, the operating data contained many outliers because full-scale data include
the continuous operating data measured during the normal filtration period and nonfiltration periods (e.g. backwash, CIP, or plant shut-down for other maintenance
purposes). It is therefore necessary to exclude outliers from full-scale data before the
assessment of the filtration performance. For the removal of outliers, the specific
programs were developed on MATLAB software. By running these programs, the
operating data collected via SCADA were automatically loaded into MATLAB
software and converted to the proper data styles in chronological order. These programs
are also able to remove outliers from the data based on the normal operating range of
three key parameters: 19.1<= Qp(t) <= 43.0L∙s-1, 9.7 <= ∆P(t) <= 51.0kPa, and
2.50×1012 <= Rtot(t) <= 4.83×1012∙m-1. As a result, the data excluding outliers were
obtained on MATLAB software.
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6 Results and Discussion
This chapter presents the results of the data reduction of full-scale data collected from
an industry operated plant, the performance of the new fouling model and sensitivity
analysis of the model parameters. It also discusses the major fouling factors affecting
the performance degradation in a full-scale MF system. It further determines the
optimised operating conditions, which can minimise fouling impacts.

6.1.1 Data Reduction in Full-scale Data
6.1.2

Overview

This section presents and discusses the frequency of CIP operations observed in a fullscale MF system in the WWRP. It also describes the analysis of the operating data over
time, and the trend of full-scale data observed in the MF system in time windows on
short- and long-term bases. From these results, the filtration performance is further
examined.

6.1.3

CIP operation

The frequency of CIP was determined based on the CIP handheld log obtained from the
WWRP. The CIP handheld log of MF Unit A1 is summarised in Table 6-1. As
mentioned in Chapter 5, it can be seen that the caustic sodium hydroxide is used as the
main chemical for the CIP operation. In contrast, the acid solution was used only three
times between 2006 and January 2007. It can be also seen that both CIP solutions were
used at the same time in the initial stage of the plant operation.
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Table 6-1. Summary of CIP operations undertaken in MF Unit A1 until August 2009 (Sydney Water, 2009)
Date of CIP
operation
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CIP interval calculated after
the previous CIP
weeks/days

hours

23/05/2006

n/a

n/a

26/06/2006

4weeks+6days

816

05/09/2006
06/11/2006
12/01/2007
20/02/2007
19/04/2007
20/06/2007
24/07/2007
13/09/2007
18/10/2007
24/12/2007
31/01/2008
2/04/2008
20/06/2008
12/08/2008
01/10/2008
02/03/2009
Average

9weeks+1day
8weeks+6days
9weeks+4days
5weeks+4days
8weeks+2days
8weeks+6days
5weeks+2days
7weeks+2days
5weeks
9weeks+4days
4weeks+3days
8 weeks+1day
11weeks+2days
7weeks+1day
7weeks+2days
21weeks+5days
8weeks+2.6days

1536
1488
1608
936
1392
1488
888
1224
840
1608
744
1368
1896
1200
1224
3648
1406.12

Changes in Rtot (t)and ∆P(t)
Before CIP
Rtot(t)
[1012 m-1]
4.18
3.70
3.50
3.20
4.43
4.70
4.90
5.50
5.80
5.30
5.40
5.60
5.90
6.60
6.50
4.90
5.60
n/a
n/a
3.40
4.95

∆P(t)
[kPa]
30.0
24.0
26.0
22.0
37.0
58.0
56.0
65.0
63.0
66.0
63.0
57.0
57.0
72.0
69.0
45.0
58
n/a
n/a
24.0
49.6

After CIP
Rtot(t)
[1012 m-1]
3.70
2.90
3.20
2.60
n/a
3.00
n/a
3.00
3.10
2.80
3.20
3.50
3.60
3.50
3.60
3.10
3.10
n/a
n/a
n/a
3.19

∆P(t)
[kPa]
24.0
17.0
22.0
19.0
n/a
35.0
n/a
27.0
31.0
23.0
38.0
35.0
38.0
38.0
38.0
24.0
25.0
n/a
n/a
n/a
28.9

CIP Solution type
Caustic
Sulphuric Acid
(sodium hydroxide)
mS/cm (or %)

%

(2.00%)
(2.00%)
50.00 (2.00%)
50.00 (2.00%)
50.00 (2.00%)
30.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
10.00
5.00
10.00
-

0.10
0.10
0.10
-

It is also found that the CIP solutions used are based on the suggestion by manufacturers
(Memcor, 2003; Veolia Water Systems, 2005a; Brewster, 2008, pers. comm.; Sydney
Water, 2009): the caustic CIP solution is composed of 2 % of sodium hydroxide mixed
with 2% of MEMCLEAN C and the RO permeate make-up water, whereas acid
solution is of 0.1% of sulphuric acid mixed with 2.0% EDTA and the RO permeate
make-up water.

As can be seen in Table 6-1, the average of the CIP interval was for 8 weeks and 2.6
days. This indicates that the frequency of the CIP operation is understandably based on
the suggestion by the manufacturer stating that CIP should be employed every 9 weeks
per MF Unit.

However, it can be seen that MF Unit A1 was sometimes operated for a long-term
period without CIP. For example, the first long-term operation is found between 1
October and 2 March, 2009. The second long-term operation is found after 2 March
2009 caused by mechanical failures in the plant.

One of the reasons is that the

neutralisation tank treating CIP solutions was broken and therefore no CIP was
undertaken between March and July in 2009 (See Chapter 5).

In addition, the Unit A1 was sometimes shut-down for maintenance purposes due to
mechanical failures as mentioned in Chapter 5. For example, the MF system was shutdown between August and October 2008 due to a chemical tank burst (Brewster, 2009,
pers. comm.). Moreover, PLC batteries used for Unit A1 were broken, and thus UnitA1
was shut-down between 7 July 2009 and mid August 2009. As a result, MF Unit A1
has been operated for a long-term period without CIP including short-term down times,
such as about 23 weeks after CIP held on 2 March 2009.

In contrast, it is observed that CIP was sometimes undertaken only about 5 weeks after
the previous CIP. This operation was found on 26/06/2006, 20/02/2007, 24/7/2007, and
31/01/2008. At these days, it can be expected that the filtration performance was
rapidly reduced due to serious fouling and membranes were needed to be chemically
cleaned before the required CIP timing. It can be also seen that the total resistance
Rtot(t) reached over 5.4×1012m-1 in a short-term operation except for 26/06/2006, while
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the overall pressure drop ∆P(t) became over 63kPa except for 26/06/2006. Therefore, it
can be assumed that membrane fouling was more serious at these periods in comparison
to other periods.

6.1.4

Data reduction from the whole operating data

The operating data collected via SCADA from the MF Unit A1 were arranged in the
time series. The filtration performance is associated with the permeate flow rate,
overall pressure drop and total resistance. These data are plotted against time in Figure
6-1, which shows a typical time series data between October 2008 and July 2009 as:
-

The permeate flow rate Qp(t) [L∙s-1] measured in the Unit A1 is shown on the top
with a 1 hour data interval

-

The overall pressure drop ∆P(t) [kPa] measured in the UnitA1 is shown in the
middle

-

The total resistance Rtot(t) [1012 m-1] per unit module in the Unit A1 is shown at
the bottom. The data Rtot(t) were automatically calculated by SCADA using
Eq.3-7 and Qp(t), ∆P(t), the membrane filtration area Am=34m2 (the outside
surface of the membrane fibres), the number of the module per Unit (112 MF
module per CMF Unit) and the dynamic viscosity μ [Pa∙s] of the feed corrected
for the measured temperature (Eq.3-17).

Figure 6-1 also shows the timing of the caustic CIP operation undertaken on 1 October
2008 and 2 March 2009 as vertical lines. It can be seen that the permeate flow rate was
not always constant during the first CIP interval. This may be because a plant operator
was required to change the setting of the permeate flow rate in order to meet less
demand of the RO product. Recently, the RO system is partially operated using a lower
number of the RO Units due to less demand of recycling water to steel-making
processes (Brewster, 2009, pers. comm.).

A change in permeate flow rate (or flux) causes changes in overall pressure drop and
total resistance. Therefore, it can be seen that overall pressure drop and total resistance
decreased over time without CIP during the first CIP interval. These changes also
provide difficulties in determining the major factors affecting the filtration performance
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due to fouling. Thus, it was assumed that the first CIP interval is not suitable for the
evaluation of the filtration performance in this study. In contrast, the permeate flow rate
was relatively constant during the second CIP interval after 2 March 2009. It can be
also assumed that the second CIP interval is more suitable for the evaluation of the
filtration performance.

Figure 6-1. Full-scale data obtained from an industry operated MF plant including
outliers between October 2008 and July 2009, showing permeate flow rate in MF Unit
A1 with a 1 hour data interval (at the top), overall pressure drop in MF Unit A1 with a 1
hour data interval (at the middle), total resistance in MF Unit A1 with a 10 minutes data
interval (at the bottom) with caustic CIP undertaken on 1 October 2008 and 2 March
2009

In addition, Figure 6-1 shows that Unit A1 was shut-down several times for
maintenance purposes as mentioned in the previous section. As focused on the data
during the second CIP interval (after 2 March 2009), the first Unit shut-down may be
undertaken for a reduction in the MF product water due to less demand of the RO
product (Brewster, 2009, pers. comm.). The second shut-down was undertaken due to
the maintenance for the PLC batteries. Therefore, the second CIP interval until the first
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long-term shut-down was selected for the evaluation of the filtration performance under
a constant flux operation. This duration is between 2 March 2009 and 6 July 2009.

Furthermore, it was found that total resistance increased over time but it did recover to
the same level as the clean membrane resistance immediately after CIP operations. This
indicates that the caustic CIP solution used in the MF system is effective to restore the
filtration performance at the same level as the initial stage. This can be seen at the
initial filtration stage after CIP held on 1 October 2008 and at the data on 2 March in
Figure 6-1.

Therefore, it is concluded that the MF system does not suffer from

irreversible fouling under the current plant operating conditions.

6.1.5

Flux, overall pressure drop and total resistance in a time window

As focused on the operating data for 2016 hours after CIP held on 2 March 2009, the
key performance parameters were determined. These data include:
-

Flux J(t) [L∙m-2∙h-1] per unit area, which is calculated by Eq.3-7 using Qp(t)
[L∙s-1], the membrane filtration area Am=34m2 (the outside surface of the
membrane fibres), and the number of the module per Unit (112 MF module per
MF Unit).

-

Overall pressure drop ∆P(t) calculated by SCADA using Eq.3-12.

-

Total resistance Rtot(t) [1012 m-1] per unit module calculated by SCADA using
Eq.3-7.

The operating periods were selected during 1 week, 2 weeks, 3 weeks, … , 12 weeks
after CIP held on 2 March 2009. As a result, the operating data in the time series were
obtained with different operating periods ranging from 1 to 12 weeks. The average
values of flux J(t), overall pressure drop ∆P(t) and total resistance Rtot(t) in each
operating period were summarised in Table 6-2. The average values for the last 12
hours at each operating period were also calculated and summarised in Table 6-2.
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Table 6-2. Average values of flux J(t), overall pressure drop ∆P(t) and total resistance
Rtot(t) at each period and average values both of ∆P(t) and Rtot(t) for the last 12 hours at
each period
Operating
period
t
Weeks
[hours]
0-1
168
0-2
336
0-3
504
0-4
672
0-5
840
0-6
1008
0-7
1176
0-8
1344
0-9
1512
0-10
1680
0-11
1848
0-12
2016
Average
Median
Standard
Deviation
Variance

Averages at each operating
period
J(t)
∆P(t)
Rtot(t)
[L∙m-2∙h-1]
[kPa]
[1012 m-1]
24.9
18.40
2.90
24.9
18.97
2.98
25.0
19.38
3.05
24.9
19.77
3.12
24.9
20.09
3.17
25.0
20.56
3.22
25.0
20.87
3.25
25.2
21.22
3.26
25.2
21.38
3.28
25.1
21.66
3.31
25.1
22.05
3.35
25.0
22.43
3.39
25.0
20.57
3.19
25.0
20.72
3.23
0.112

1.26
-2

1.25×10

1.60

0.15
0.02

Averages for the last 12 hours at
each operating period
J(t)
∆P(t)
Rtot(t)
[L∙m-2∙h-1]
[kPa]
[1012 m-1]
24.5
19.08
3.03
25.5
20.23
3.09
24.6
20.17
3.23
25.7
21.98
3.35
25.1
22.23
3.42
24.6
22.11
3.48
27.9
25.78
3.51
28.2
26.40
3.43
25.1
23.57
3.44
28.9
28.47
3.66
25.4
26.04
3.74
25.5
26.55
3.70
25.9
23.55
3.42
25.5
22.90
3.44
1.50
2.28×10

-3

3.02

0.22

9.20

0.05

Flux over time
The average values of the flux as shown in Table 6-2 are plotted against the operating
period in Figure 6-2. As can be seen in Table 6-2, the average values of the flux J(t)
were relatively constant at each operating period. The average flux at each period was
J(t) = 25.0 L∙m-2∙h-1 and its variance was 1.25×10-2 L∙m-2∙h-1 which is considered to be
very small. In addition, the average flux for the last 12 hours at each period was only a
3.6% increase with that at each operating period, such as J(t) = 25.9 L∙m-2∙h-1. Although
the average values of the flux for the last 12 hours at each period showed small
fluctuations (e.g. between 24.5 and 2.89 L∙m-2∙h-1), its variance was 2.28×10-3 L∙m-2∙h-1
which is also very small.

It is also found that slightly higher values of the average J(t) were obtained around the
7, 8 and 10 weeks‘ periods (1176, 1344 and 1680 hours after CIP, respectively).
However, these variations are within 15% of the mean. Therefore, it is concluded that
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flux J(t) was relatively constant during the filtration for 12 weeks after CIP held on 2
March 2009.

Furthermore, the flux data J(t) excluding outliers are plotted against time in Figure 6-3.
This figure shows the flux data with a 1 minute data interval for 2100 hours after CIP
held on 2 March, 2009. It is shown that the majority of the values were around 25.0 ±
0.112 L∙m-2∙h-1 (the average ± standard deviation in Table 6-2). It is also found that
there were short-term down periods as mentioned in Section 6.1.3.

The flux : J(t) [L/m2/h]
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Figure 6-2. Average values of flux (i) at each operating period and (ii) for the last 12
hours at each period vs. Operating period
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Figure 6-3. Flux data over time after CIP held on 2 March 2009, with a 1 minute data
interval, excluding outliers

Overall pressure drop over time
The average values of overall pressure drop ∆P(t) are plotted against the operating
period in Figure 6-4. It can be seen in Table 6-2 and Figure 6-4 that ∆P(t) increased
over time. This phenomenon shows the effects of membrane fouling, which is regarded
as an increase in pressure under a constant flux operation (Ho and Sirkar, 1992;
American Water Works Association et al., 1996; Mulder, 2003; Marselina et al., 2009).
As expected, a higher pressure was necessary to maintain the designed flux due to
membrane fouling.
In particular, the average values of ∆P(t) at each operating period increased constantly
in a nearly linear fashion. On the other hand, the average values ∆P(t) for the last 12
hours at each operating period increased over time with fluctuations. The values ∆P(t)
in the 7, 8 and 10 weeks‘ periods were higher than other periods and derived away from
a liner fashion. This trend is the same as the flux data because overall pressure drop is
proportional to flux as defined in Eq.3-7.
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Overall pressure drop: ∆P(t) [kPa]
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Figure 6-4. Average values of overall pressure drop (i) at each operating period and (ii)
for the last 12 hours at each period vs. operating period
Furthermore, the overall pressure drop data ∆P(t) excluding outliers are plotted against
time in Figure 6-5. This figure shows an increase in ∆P(t) over time with a 1 minute
data interval for 2100 hours after CIP held on 2 March, 2009. It shows that there were
short-term down periods, which are the same as the flux profile as shown in Figure 6-3.
From Figure 6-5, it is found that the range of the variation of ∆P(t) was greater at the
later filtration stage than at the initial stage. For example, the range of the data ∆P(t)
was approximately between 10 to 40 kPa at the initial stage, while it became between
10 to 52kPa at the later stage. In comparison to the average of ∆P(t) = 23.55kPa at each
operating period, these fluctuations are between a 58% below and 112% above to the
average.

These phenomena were also reported in a previous study by Xie et al., (2008) finding
that a range of ∆P(t) became greater at a later filtration stage than at the earlier stage in
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cross-flow filtration. They concluded that this phenomenon is caused by a reduction in
the membrane filtration capacity, which is associated with blocking and constricting the
membrane pores, the cake resistance and the compressibility of cakes.
In addition, it can be seen in Figure 6-5 that a more rapid increase in ∆P(t) within the
first 200 hours than that after 200 hours. This finding is similar to what was observed
by Xie et al., (2008) through their cross-flow filtration experiment, suggesting that a
gradual increase in ∆P(t) was found at the early filtration stage (until 350 hours) and a
more rapid increase was found at the later stage (350 to 430 hours). As compared to
their findings, the full-scale MF system in this study showed the similar fouling
behaviour as a cross-flow filtration where the shear flow sweeps a fraction of particles
deposited on the membrane surface.

Figure 6-5. Overall pressure drop data over time after CIP held on 2 March 2009, with
a 1 minute data interval, excluding outliers
It is therefore concluded that regular backwash can remove a fraction of particles on the
membrane surface which behaves as similar as the shear flow in a cross-flow filtration.
Or, it is also possible that the shear flow during a direct-flow filtration in a full-scale
system may be effective in removing the deposited particles as same as a cross-flow
filtration. However, it is necessary to further investigate the filtration with regular
132

backwash under a controlled condition for understanding the major fouling
mechanisms, effects of the backwash and shear flow.

Total resistance over time
The average values of total resistance Rtot(t) are plotted against the operating period in
Figure 6-6. It can be seen in Table 6-2 and Figure 6-6 that Rtot(t) increased over time.
This is caused by an increased in overall pressure drop under a constant flux operation
due to membrane fouling, which can be explained by Eq.3-7. The average value of
Rtot(t) was found to be equal to 3.19×1012 m-1 at each operating period, while it was
Rtot(t) = 3.42×1012 m-1 for the last 12 hours at each period. It is also found that the
average values of Rtot(t) at each operating period increased over time appeared to follow
a smooth curve, while those for the last 12 hours at each period showed an increase with
small fluctuations.

Total resistance : Rtot(t) [×1012 /m]
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Figure 6-6. Average values of total resistance (i) at each operating period and (ii) for
the last 12 hours at each period vs. operating period
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Furthermore, total resistance data Rtot(t) excluding outliers are plotted against time in
Figure 6-7. This figure shows an increase in Rtot(t) over time with a 1 minute data
interval for 2100 hours after CIP held on 2 March, 2009. It is found that the data Rtot(t)
increased more rapidly for the first 200 hours due to a rapid increase in ∆P(t). It is also
observed that the data Rtot(t) increased gradually after 200 hours, except for around the
7, 8 and 10 weeks‘ periods due to a gradual increase in ∆P(t).

Figure 6-7. Total resistance data over time after CIP held on 2 March 2009, with a 1
minute data interval, excluding outliers
In addition, it can be seen that the data Rtot(t) increased within a small band involving
many fluctuations. It can be assumed that these fluctuations are related to changes in
J(t) and ∆P(t).

As defined in Eq.3-7, Rtot(t) is inversely proportional to J(t) and

proportional to ∆P(t). Therefore, it is assumed that decreases in Rtot(t) around the 7 and
8 weeks‘ periods (e.g. 1176 and 1344 hours after CIP, respectively) were caused by a
greater increase in J(t) than that in ∆P(t). On the other hand, an increase in Rtot(t)
around 10 weeks (e.g. 1680 hours) was caused by a greater increase in ∆P(t) than that in
J(t).
As compared to J(t) and ∆P(t), it is clear that the majority of the values of Rtot(t) falls
within a smaller range. This is probably because greater ranges of fluctuations in J(t)
and ∆P(t) are cancelled when calculating Rtot(t) by Eq.3-7. Therefore, Rtot(t) did not
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involve many outliers unlike J(t) and ∆P(t) and could show the data as a steady smooth
curve over time. It is therefore concluded that the total resistance values are suitable to
use as an indicator of membrane fouling in a full-scale MF system. This may be also
the reason why the total resistance value is used in practice as a trigger of the membrane
cleaning such as backwash and CIP in the MF system in the WWRP.

6.1.6

Specific permeate flux related to the pressure

The specific permeate flux related to the pressure SPFp(t) was calculated by Eq.3-8.
The data SPFp(t) obtained in this study is plotted against time in Figure 6-8. In
comparison to past studies, the following exponential model presented by Xie et al.,
(2008) is also added to this figure. This model was evaluated through their pilot-scale
experiment in a cross-flow mode:
[L∙m-2∙h-1∙atm-1] (Xie et al., 2008)
…………………………. Eq.6-2

Figure 6-8. Specific permeate flux data related to the pressure SPFp(t) vs. operating
period: This shows the data SPFp(t) [L∙m-2∙h-1∙atm-1] with a 1 minute data interval for
2016 hours after CIP held on 2 March 2009 and the model presented by Xie et al.,
(2008)
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It can be seen in Figure 6-8 that the model by Xie et al., (2008) shows a relatively good
fitting to the data SPFp(t) at the first 100 hours. After the first 100 hours, however, the
model predicts much lower values than the data SPFp(t) obtained from this study. This
suggests that the MF system in the WWRP has a higher performance over a long-term
operation than the pilot-scale experiment undertaken by Xie et al., (2008). In particular,
it is found that a relatively high SPFp(t) value was maintained over 2000 hours. This
indicates that the current operation is effective in minimising membrane fouling and
maintaining the designed flux.

When a curve fitting model is applied to the data SPFp(t), the following equation was
automatically computed by MATLAB software:
[L∙m-2∙h-1∙atm-1]………… Eq.6-3

From Eq.6-3, the model SPFp(t) obtained from this study shows that there is a much
lower potential of membrane fouling during a long-term operation in the MF system
than that in the pilot-scale system employed by Xie et al., (2008). Again, this result
suggests that the MF system can maintain the designed filtration performance over a
longer-term.

6.1.7

Fluctuations in full-scale data obtained from an industry operated plant

As focused on a micro-scale time window, the trends of the key operating data were
determined including flux J(t), overall pressure drop ∆P(t) and total resistance Rtot(t).
These data with a 1 minute data interval are plotted against time for the first 3 hours in
Figure 6-9.

The flux J(t) at the top in Figure 6-9 shows two types of the flux. One plot shows the
flux J(t) including outliers as shown in a light blue line, whereas the other plot shows
the flux J(t) excluding outliers as shown in a dark blue line with dot marks. It can be
seen in this figure that the latter flux plot shows a zero value for approximately 1 to 2
minutes every 30 minutes. This indicates that air backwash was undertaken every 30
minutes.
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Figure 6-9. Flux J(t) [L∙m-2∙h-1] (at the top), overall pressure drop ∆P(t) [kPa] (at the
middle) and total resistance Rtot(t) [1012m-1] (at the bottom), with a 1 minute data
interval for the initial 3 hours operation after CIP held on 2 March 2009
As not expected, there were small fluctuations in J(t) shown at the top figure in Figure
6-9, ∆P(t) shown at the middle and Rtot(t) shown at the bottom. These fluctuations may
be caused by fluctuations in the pump characteristics used in pushing the feed water into
the MF modules. In particular, fluctuations in ∆P(t) were greater than those in J(t). As
a result, Rtot(t) showed a middle range of fluctuations in comparison to other parameters
since greater fluctuations in J(t) and ∆P(t) get cancelled when calculating Rtot(t) by
Eq.3-7.

These fluctuations can be observed only in the operating data with a 1 minute data
interval in a micro-scale time window. Under a constant flux operation, therefore, the
average values of ∆P(t) measured with a 1 hour data interval or longer may differ to the
fluctuations‘ trend of ∆P(t) in a full-scale system. Using the data ∆P(t) with a longterm data interval may cause overestimation or errors in the evaluation of the filtration
performance.

For a more accurate evaluation of the filtration performance, it is

therefore important to use the operating data collected with a short-term data interval,
e.g. a 1 minute data interval.
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To the author‘s understanding, there is currently no published papers in the literature
showing such fluctuations‘ trends of the operating data observed in a practical
application. Therefore, the results of the data analysis in this study will provide new
insights in understanding the full-scale system performance of an industry operated
plant.

6.1.8

Summary

This section has presented and discussed the frequency of CIP operations, the analysis
of the operating data over time, and the trend of full-scale data observed in an industry
operated MF plant. This MF plant is a full-scale system in secondary effluent reuse
used in the WWRP which employs hollow fibre membranes with outside-in
configuration operated under a constant flux, direct-flow mode with regular backwash.

From the results of the frequency of the CIP operations, it is found that caustic sodium
hydroxide was mainly used in the CIP operation. It is found that the average of the CIP
interval was for 8 weeks and 2.6 days (58.6 days). This indicates that the frequency of
the CIP operation is understandably based on the suggestion by the manufacturer stating
that CIP should be employed every 9 weeks per MF Unit. However, it can be seen that
MF Unit A1 was sometimes operated for a long-term period without CIP due to
mechanical failures in the plant. Despite such a long-term operation, the MF system
could maintain the designed flux over a relatively long-term operation without CIP (e.g.
for 23 weeks including short-term shutdown periods).

From analysis of the operating data, it is found that total resistance increased over time
but it did recover to the same level as the clean membrane resistance immediately after
CIP operations. It is also observed that flux was relatively constant at the average J(t) =
25.0 L∙m-2∙h-1 for a long-term (i.e. 2000 hours). These results indicate that the current
operation is effective for the restoration of the performance degradation due to
membrane fouling and can maintain the designed flux over time. In addition, the model
SPFp(t) obtained from this study estimates that there is a much lower potential of
membrane fouling during a long-term operation in the MF system than that in the pilotscale system employed by Xie et al., (2008). Therefore, it is concluded that the MF
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system does not suffer from irreversible fouling under the current operating condition
and can maintain the designed filtration performance over a longer-term.
As expected, it is found that overall pressure drop ∆P(t) increased over time under a
constant flux operation. In particular, a rapid increase in ∆P(t) was observed at the
early stage (i.e. 200 hours), and a gradual increase was found after the early stage.
These phenomenon were also observed as a rapid increase in total resistance Rtot(t) for
the first 200 hours and a gradual increase in Rtot(t) was observed at the later stages. In
addition, it is found that the range of the data ∆P(t) was greater at the later filtration
stage than at the initial stage. These phenomena were observed in a past study by Xie et
al., (2008) through their cross-flow filtration where the shear flow sweeps a fraction of
particles deposited on the membrane surface.

It is therefore concluded that regular backwash can remove a fraction of particles on the
membrane surface which behaves as similar as the shear flow in a cross-flow filtration.
Or, it is also possible that the shear flow during a direct-flow filtration in a full-scale
system may be effective in removing the deposited particles as same as a cross-flow
filtration. However, it is necessary to further investigate the filtration with regular
backwash under a controlled condition for understanding the major fouling
mechanisms, effects of the backwash and shear flow.
As not expected, there were small fluctuations in J(t), ∆P(t) and Rtot(t).

These

fluctuations were probably caused by fluctuations in the pump characteristics used in
pushing the feed water into the MF modules. These fluctuations can be observed only
in the operating data with a 1 minute data interval in a micro-scale time window.
Nevertheless, the data Rtot(t) did not involve great fluctuations or many outliers unlike
J(t) and ∆P(t). An increase in Rtot(t) was shown in a smooth curve over time since
greater ranges of fluctuations in J(t) and ∆P(t) were cancelled in calculating Rtot(t) by
Eq.3-7. Hence, it is clear that Rtot(t) is suitable in using as an indicator of membrane
fouling in a full-scale MF system on a long-term basis.

Although there is currently no published papers in the literature showing such
fluctuations‘ trends of the operating data, it is important to use the data with a short139

term data interval (e.g. a 1 minute data interval) for a more accurate evaluation of the
filtration performance. Therefore, the results of the data analysis in this study will
provide new insights in understanding the full-scale system performance of an industry
operated plant.

6. 2

Performance of the New Fouling Model

6.2.1

Overview

This section discusses the performance of the new fouling model developed in this
study as discussed in Chapter 4. This model is applied to full-scale data through the
simulation by 3D Curve Fitting Tool on MATLAB software. The simulation results of
the curve fitting are presented and discussed here. This section further examines the
effects of the resistance components due to different fouling mechanisms, the
characteristics of adhesive cakes and the major factors affecting the filtration
performance.

6.2.2

Simulation results of curve fitting

The new fouling model was evaluated by applying it to full-scale data obtained from an
industry operated MF plant in the WWRP through the simulation by 3D Curve Fitting
Tool on MATLAB software. The operating data are flux, overall pressure drop and
total resistance collected from Unit A1 in the MF system. The data were collected with
a 1 minute interval for the 1 to 12 weeks‘ periods after CIP held on 2 March 2009.

[1012 m-1] per unit module ...................... (Eq.4-50)
[1012 m-1∙kPa-S] per unit module ……… (Eq.4-48)
[m-1] per unit module ………..……...… (Eq.4-49)
where
Rtot(t) is the total resistance [1012 m-1] at time t [hr].

-

J(t) is the flux [m3∙m-2∙h-1 or L∙m-2∙h-1] at time t [hr].
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-

-

∆P(t) is the overall pressure drop [kPa] at time t [hr].

-

αco is the coefficient of the specific cake resistance per unit cake mass [m∙kg1

-

∙kPa-S]. This is calculated from Eq.4-48 using the results of the curve fitting.

φc is the volume fraction of particles forming the cakes. This is calculated from
Eq.4-49 using the results of the curve fitting.

-

Other parameters are shown in Table 6-3 and Table 6-4.

Input parameters in the new model are summarised in Table 6-3. The operating data
∆P(t) and J(t) vary over time t obtained from the MF Unit A1. On the other hand, the
density of the particles in the feed was assumed as ρp =1100 kg∙m-3 and the
concentration of the feed was assumed as Cf = 0.002 kg∙m-3. From these assumptions,
the volume fraction of the particles in the feed was calculated by Eq.4-34 as φf = 1.818
×10-6. The other parameters are constant, such as, the membrane properties provided by
manufacturer.
Before performing the curve fitting, the fitting parameters such as K1, K2, S and λ were
set up more than 0 (e.g. K1, K2, S and λ ≥ 0) on 3D Curve Fitting Tool on MATLAB
software.

After running 3D Curve Fitting Tool, the best fitting parameters were

automatically computed by MATLAB software. This simulation was repeated 12 times
by changing the operating period. These parameters are also shown in Table 6-4.

Table 6-3. Input parameters in the new fouling model (Eq.4-48 to Eq.4-50)
Symbol
Rmo
ri
ro

Value [unit]
2.5×1012 m-1
135×10-6 m
300×10-6 m

J(t)

Parameter name
Clean membrane resistance
Inside radius of a fibre
Outside radius of a fibre
Membrane filtration area per
module (the outside surface of the
membrane fibres)
The number of fibres per module
The density of the particles in feed
Feed concentration
The volume fraction of the
particles in feed
Permeate flux per unit area

∆P(t)

Overall pressure drop

kPa

t

Operating time

Hours (0 – 2016 hr)

Amo
nfibre
ρp
Cf
φf

34 m2
20 000
1100 kg∙m-3
2.0 mg∙L-1

Data source

Provided by
manufacturer

Assumptions

1.818×10-6

Calculated by Eq.4-34

L∙m-2∙h-1

Calculated by Eq.3-7
Calculated by SCADA
using Eq.3-12
Arbitrary selections
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Table 6-4. Output parameters obtained from simulation results of curve fitting of the
new fouling model (Eq.4-48 to Eq.4-50)
Symbol
λ
S
K1
K2

Parameter name
Pore blockage – adsorption rate
per unit area
Index of the adhesive cake
compressibility
Constant coefficient
Constant coefficient

[unit]
[m-1]
[-]
[1012 m-1∙kPa-S]
[m-1]

Data source
(Limits in the curve
fitting)
The results obtained
from the curve fitting of
Eq.4-50
(λ , S, K1,and K2 ≥ 0)

The simulation results of the curve fitting are summarised in Table 6-5. There are 12
fitting cases from 1 to 12 weeks‘ operating periods. The number of the total data points
was in a range of 8348 for 1 week‘s data to 87294 for 12 weeks‘ data. Since the data
interval is 1 minute, there are a total of 10080 data points per week for each parameter,
which was collected from SCADA. However, several data points were out of the
normal filtration operation and then they were removed as outliers (See Section 5. 4).
Therefore, the number of the total data points per week was less than 10,080 for each
parameter.
As shown in Table 6-5, the coefficients of the determination R2 were very high in all
cases. The average was R2 =0.855. The best fit was R2 =0.8931 for the 6 weeks‘ period.
Therefore, it is concluded that the new fouling model as defined in Eq.4-50 showed a
strong correlation to the operating data of the filtration with regular backwash for a
relatively long-term operation, e.g. 2016 hours or 12 weeks. In particular, the values R2
of the first 3 weeks‘ periods were slightly lower than those after the 4 weeks‘ period.
Thus, it can be assumed that this model is more suitable for the prediction of the total
resistance over a long-term period than that during a short-term period, e.g. over 3
weeks or 504 hours.

As examples, a few results of the curve fitting are shown in Figure 6-10 to Figure 6-12.
Figure 6-10 shows a 3D view of the curve fitting for the 6 weeks‘ period, while Figure
6-11 shows its x-z view. Also, Figure 6-12 shows an x-z view of the curve fitting for
the 12 weeks‘ period.
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In these figures, the z-axis shows the total resistance z=

f(x,y)=Rtot(t) [1012m-1], y-axis shows the overall pressure drop y =∆P(t) [kPa], and xaxis shows the product water volume per unit area x= J(t)×t [L∙m-2].

As can be seen in these figures, a few data deviated away from the curve fitting surface.
Even if these data were removed from the plot, the values of the best fitting parameters
did not change. Therefore, these data were negligible and did not affect the simulation
results of the curve fitting. From both Figure 6-11 and Figure 6-12, it can be concluded
that the model can predict the rapid increase in the total resistance at the initial filtration
stage and then a gradual increase. Each parameter obtained from the curve fitting is
discussed in detail in the following sections.
Table 6-5. Simulation results of curve fitting of the new fouling model (Eq.4-50)
Operating
period

No. of
data

0.641

K1
[m-1∙kPa-S]
9.007×109

K2
[m-1]
56.63

14014

0.427

4.866×1010

5.775

22796

0.388

4.667×1010

9.082

10

Weeks

hours

0-1

168

8348

0-2

336

0-3

504

S

0-4
0-5
0-6
0-7

672
840
1008
1176

30752
37305
45304
51638

0.383
0.362
0.312
0.321

3.989×10
4.018×1010
5.004×1010
5.687×109

13.08
15.16
12.02
7.812

0-8

1344

55703

0.253

9.165×109

3.856

0-9

1512

61152

0.269

8.100×1010

5.058

0-10

1680

69132

Coefficient
of the
determination

Output parameters obtained from the
simulation of the curve fitting

0.264

8.538×1010

4.384

λ
[m-1]
25.67×10-3
1.081×10-9
(*1

4.541×10-10
(*1
-3

3.231×10
3.998×10-3
3.487×10-3
2.182×10-3
2.361×10-14
(*1

4.253×10-13
(*1

5.031×10

0.8163
0.8116
0.8133
0.8462
0.8688
0.8931
0.8897
0.8675
0.8523

-14

(*1

1848
78060
0.276 6.902×1010 6.952 1.370×10-3
2016
87294
0.256 6.737×1010 8.890 1.898×10-3
0.35
4.60×1010
12.39
3.49×10-3
Average
10
0.32
4.77×10
8.35
1.63×10-3
Median
10
0.11
2.73×10
14.38
7.15×10-3
Standard Deviation
0.012
7.46×108
207.0
5.11×10-5
Variance
*1) “fixed at bound” automatically computed by MATLAB software

0-11
0-12

R2

0.8621
0.8630
0.8782
0.855
0.863
0.028
8.05×10-4
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Figure 6-10. Simulation result of applying Eq.4-50 to industrial data on 3D Curve
Fitting Tool on MATLAB software, for the 6 weeks‘ period after CIP held on 2 March
2009, with a 1 minute data interval (R2 = 0.893)

Figure 6-11. A x-z view of the simulation result as shown in Figure 6-10
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Figure 6-12. Simulation result (x-z view) of applying Eq.4-50 to industrial data on 3D
Curve Fitting Tool on MATLAB software, for the 12weeks‘ period after CIP held on 2
March 2009, with a 1 minute data interval (R2 = 0.878)

6.2.3

Index of adhesive cake compressibility S

Based on Table 6-5, the index of the adhesive cake compressibility S is plotted against
the operating period in Figure 6-13. As can be seen in Figure 6-13, the value S
decreased over time within the range of between 0.253 and 0.641. This finding suggests
that the cakes forming on fibres were not incompressible but between incompressible
and moderately compressible in this MF system in WWRP, according to the cake
classification in Table 3-1 presented by Kim and DiGiano (2009). Changes in S also
indicate that the MF feed quality changed over several weeks probably because of
rainfall and certain industrial discharge.

It is also found that the adhesive cakes were moderately compressible (S=0.641) on the
first week after chemical cleaning and then became less compressible (S=0.256) after
the 12 weeks‘ period. The value S on the first week was 1.8 times higher than the
average value (S=0.35) and 2.0 times greater than the median value (S=0.32). In
particular, the compressibility decreased rapidly at the initial stage but it decreased
gradually and became nearly stable after the 8 weeks‘ period. This phenomenon is the
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inverse order to the total resistance observed in the MF system. Therefore, it can be
assumed that the index of the adhesive cake compressibility is one of the major factors
affecting an increase in the resistance and a reduction in the filtration performance.
Although it is necessary to further investigate the value S over time on other filtration
times, it may be possible to expect the degradation of the system performance by
calculating the value S without detailed investigation of foulants on a laboratory.

As mentioned earlier, changes in the value S indicate changes in the feed water quality
over time. For a pilot-scale experiment, it is therefore concluded that it is better to
examine the feed water characteristics including the index of the adhesive cake
compressibility over a long-term operation (e.g. 12 weeks). Otherwise, the results
derived from a short-term operation may mislead the estimation of the feed
characteristics. It is therefore significant to determine the compressibility over an
extended filtration period, not only for a short-term operation.
0.70

Compressibility S [-]

0.60
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S
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Figure 6-13. Simulation result of curve fitting: index of adhesive cake compressibility S
vs. operating period
Furthermore, it is difficult to compare the compressibility obtained in this study to
others because there is no exact published paper in the literature on the index of the cake
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compressibility observed during the filtration of secondary effluent with regular
backwash on a long-term basis. Only one past study (Chellam and Xu, 2006) reported
the index of the cake compressibility as S=0.72 or 0.73 during the filtration of treated
natural water for a couple of hours. In comparison to these values, the index of the cake
compressibility obtained at the initial stage of filtration (for the first week) of this study
has relatively good agreement to the study by Chellam and Xu (2006).
In the author‘s understanding, the proposed fouling model in this study is the first model
which can demonstrate a decrease in the index of the cake compressibility over time
during the filtration with regular backwash in a full-scale MF system. For a more
accurate evaluation of the new fouling model, it is also significant to directly measure
the compressibility of cakes over an extended filtration period.

6.2.4

Pore blockage – adsorption rate per unit area λ

Based on Table 6-5, the pore blockage – adsorption rate per unit area λ is plotted against
the operating period in Figure 6-14. It can be seen that the pore blockage – adsorption
rate was very high on the first week, e.g. λ =25.67×10-3 m-1. This λ value was 7.4 times
higher than the average value (λ=3.49×10-3 m-1) and 15.7 times greater than the median
value (λ=1.63×10-3 m-1). On the other hand, the rate λ showed relatively low and similar
values after the first week in a range between nearly 0 and 3.998×10-3 m-1.
In the new fouling model, it is assumed that a higher value in the rate λ indicates greater
effects of pore blockage and/or adsorption during the filtration.

Based on this

assumption, the results indicate that the effects of pore blockage and/or adsorption were
the greatest on the first week (168 hours) but became lower and stable after the first
week. At the same time, they also indicate that the effectiveness of backwash was
lowest on the first week but became higher and stable after the first week.

However, it can be also considered that backwash may be more effective at the initial
filtration stage due to less accumulation of particles blocking membrane pores. On the
other hand, backwash may be less effective after a long-term operation due to more
147

particles deposition on the membrane.

These assumptions are different as the

simulation results obtained in this study.
Nevertheless, it is currently difficult to explain why the highest value of the rate λ was
obtained on the first week in this study even if it can be assumed that backwash may be
very effective.

To evaluate this phenomenon, it is necessary to further study the

relationship among the effectiveness of backwash and the effects of pore blockage
and/or adsorption during the filtration with regular backwash on a long-term basis, e.g.
for 12 weeks. In the author‘s view, the rate λ may relate to additional factors on the first
week. These factors may include changes in the feed water characteristics or types of

Pore blockage - adsorption rate per unit
area, λ [/m]

foulants.
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λ
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Figure 6-14. Simulation result of curve fitting: pore blockage – adsorption rate per unit
area λ vs. operating period
As focused on the rate λ values after the first week, it can be seen that there were small
fluctuations in the value of the rate λ over time. These fluctuations may be dependent
on the effectiveness of backwash. For example, when backwash is effective for the
removal of particles blocking the membrane pores, the rate λ decreases. On the other
hand, when backwash is not effective, the rate λ increases. Furthermore, it is found that
the rate λ was nearly zero at the 2, 3, 8, 9 and 10 weeks‘ periods, such as 10-9 to 10-14
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m-1. It can be also assumed that backwash was very effective for the removal of the
particles deposited on the membrane during these operating periods. It is therefore
considered that the effects of pore blockage and adsorption were negligible during these
periods.
Therefore, the rate λ after the first week showed a relatively understandable behaviour
based on the assumption of the new fouling model. However, there is no published
paper in the literature on the effects of pore blockage and adsorption during the filtration
with regular backwash on a long-term basis. This parameter is also a new factor in the
prediction of the fouling behaviour presented in this study. It is therefore necessary to
further study on investigating the behaviour of the parameter λ.

6.2.5

Resistance components

Total resistance in the new fouling model accounts for the clean membrane resistance
and the resistance components due to pore blockage, adsorption and adhesive cake
formation. As focused on the data at the end of each operating period, these resistance
components can be calculated from the pore blockage – adsorption rate λ, and the total
resistance collected from SCADA [Rtot(t)]SCADA. The resistance components due to pore
blockage and adsorption are given by Eq.4-6. They are calculated at the end of each
operating period by,
[m-1] ………..………….. Eq.6-5
where
-

Rpb(t) is the resistance due to pore blockage [m-1] at time t [hr].

-

Rad(t) is the resistance due to adsorption [m-1] at time t [hr].

-

Rmo is the clean membrane resistance [m-1]: Rmo = 2.5×1012 m-1.

-

J(t) is the average of the flux [L∙m-2∙h-1] at the end of each operating period t [hr]
as shown in Table 6-2.

-

λ is the pore blockage – adsorption rate per unit area [m-1] as shown in Table
6-5.
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On the other hand, the resistance due to adhesive cake formation is given by Eq.4-1
using the resistance due to adhesive cakes, such as Rc(t)  Rad_c(t) and the total
resistance from SCADA, such as Rtot(t)[Rtot(t)]SCADA :
[m-1] …………… Eq.6-6
-

Rad_c(t) is the resistance due to adhesive cake formation [m-1] at time t [hr].

-

[Rtot(t)]SCADA is the total resistance collected via SCADA [m-1]. This is the
average value of the data Rtot(t) for the last 12 hours at each operating period
from 1 to 12 weeks.

The resistance components were calculated by Eq.6-5 and Eq.6-6, which are
summarised in Table 6-6. In addition, the ratio of each component is plotted against the
operating period in Figure 6-15. However, the resistance of [Rpb(t)+Rad(t)] is related to
the pore blockage – adsorption rate per unit area λ as defined in Eq.6-5. The results of
[Rpb(t)+Rad(t)] are dependent on the relationship among the effectiveness of backwash
and the effects of pore blockage and/or adsorption during the filtration. As mentioned
in Section 6.2.4, there is uncertainty in the results of the rate λ on the first week.
Therefore, the results of the resistance components on the first week were not assessed
here.

From Table 6-6 and Figure 6-15, it is found that the clean membrane resistance Rmo was
a dominant factor affecting an increase in the total resistance Rtot(t). The average ratio
of Rmo to Rtot(t) was 73%. On the other hand, the adhesive cake resistance Rc_ad(t)
showed the next dominant factor over the total resistance. The average ratio of Rc_ad(t)
to Rtot(t) was 23%.
These results are in the same order of the magnitude as the resistance components
during the filtration of known three suspensions reported by Listiarini et al., (2009). In
their study, the dominant resistance over the total resistance was the clean membrane
resistance at about 68%. The next dominant resistance was cake resistance at about
30% during the filtration of a combination of sodium alginate, calcium and aluminium.
In addition, Listiarini et al., (2009) reported that the cake resistance was about
1.34×1013 m-1. However it is difficult to compare this resistance value to the adhesive
cake resistance obtained in this study due to different operating conditions.
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Table 6-6. Resistance components at the end of each period when Rmo=2.5×1012 m-1
Operating
period
weeks
0-1
0-2
0-3
0-4
0-5
0-6
0-7
0-8
0-9
0-10
0-11
0-12
Average
Median
Standard
Deviation
Variance

The ratio to [Rtot (t)]SCADA

Rpb(t) +
Rad(t)

Rc_ad(t)

m-1
3.029×1012
3.093×1012
3.234×1012
3.355×1012
3.416×1012
3.477×1012
3.514×1012
3.435×1012
3.439×1012
3.663×1012
3.739×1012
3.700×1012
3.42×1012
3.44×1012

m-1
2.83×1011
2.26×104
1.43×104
1.39×1011
2.18×1011
2.30×1011
1.66×1011
2.00
40.5
5.31
1.64×1011
2.51×1011
1.21×1011
1.52×1011

m-1
2.461×1011
5.926×1011
7.336×1011
7.157×1011
6.980×1011
7.474×1011
8.480×1011
9.349×1011
9.394×1011
1.163×1012
1.075×1012
9.484×1011
8.04×1011
7.98×1011

Rpb(t) +
Rad(t)
%
9.35
0.00
0.00
4.15
6.38
6.60
4.72
0.00
0.00
0.00
4.38
6.80
3.53
4.26

2.24×1011

1.14×1011

2.42×1011

10

12

22

[Rtot (t)]SCADA

5.01×10

1.29×10

5.86×10

Rc_ad(t)

Rmo(t)

%
8.12
19.16
22.69
21.33
20.43
21.49
24.13
27.22
27.31
31.76
28.76
25.63
23.17
23.41

%
82.53
80.84
77.31
74.52
73.18
71.90
71.15
72.78
72.69
68.24
66.86
67.57
73.30
72.73

3.40

6.04

4.92

11.54

36.53

24.25

Resistance [/m] per unit area

4.0E+12
3.5E+12
3.0E+12
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1.0E+12
5.0E+11
0.0E+00
1

2

3

4

5

6

7

8

9

10

11

12

Operating period [weeks]
Rmo [/m] fixed

Rpb(t)+Rad(t) [/m] by Eq.6-5

Rc_ad(t) [/m] by Eq.6-6

Figure 6-15. Ratio of resistance components: clean membrane resistance Rmo, resistance
due to pore blockage and adsorption Rpb(t)+Rad(t), and adhesive cake resistance: Rc_ad(t)
vs. operating period
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Furthermore, it is found that the resistance due to adhesive cakes Rc_ad(t) gradually
increased over 10 weeks after CIP with fluctuations ranging.

For example, the

resistance Rc_ad(t) increased from 8.12% at the end of the first week to 31.76% at the
end of the 10 weeks‘ operating period. Although the ratio of the resistance Rc_ad(t)
increased with time like overall pressure drop, it is currently difficult to determine the
relationship between these two factors based on only this study.

On the other hand, the resistance due to pore blockage and/or adsorption [Rpb(t)+Rad(t)]
was very small in all cases except for the first week.

The average resistance of

[Rpb(t)+Rad(t)] was 3.53%, however this resistance became sometimes nearly zero
associated with the pore blockage – adsorption rate per unit area λ. These results are the
same as the finding by Listiarini et al., (2009) that the resistance due to pore blockage
was nearly zero in their preliminary filtration experiment using known suspensions.
Therefore, it can be assumed that the effects of pore blockage and adsorption have a
very small influence causing a loss of the performance over an extended period in the
MF system in the WWRP.

6.2.6

Fitting parameters, K1 and K2

Based on Table 6-5, the constant coefficients K1 and K2 obtained from the simulation of
the curve fitting are plotted against the operating period in Figure 6-16.

These

parameters showed an inverse relationship over time except for the 7 and 8 weeks‘
periods. This relationship is explained by Eq.4-48 and Eq.4-49 as,
…………..……………….. Eq.6-7

However, it is difficult to find the reason why the values of K1 and K2 did not show an
inversely proportional relationship on the 7 and 8 weeks‘ periods. In the author‘s view,
changes in the operating condition may affect the values of K1 and K2 during these
periods. As compared to the operating conditions, the flux values on the 7, 8 and 10
weeks‘ period were higher than other periods. This caused higher values in the overall
pressure drop during these periods. These phenomena can be explained by Eq.3-7
showing a proportional relationship between flux and overall pressure drop. However,
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it is necessary to further investigate the effects of the operating conditions to the values
of K1 and K2.
It can be also seen in Figure 6-14 and Figure 6-16 that the parameter K2 and the pore
blockage – adsorption rate λ have a directly proportional relationship over time. On the
other hand, the parameter K1 is inversely proportional to the rate λ. From these results,
the relationships among the model parameters are also expressed using Eq.6-7 as:
….……………….. Eq.6-8

To evaluate this relationship and the performance behaviour, it is necessary to analyse
other parameters related to cake characteristics. These parameters are discussed in the
following sections.
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Figure 6-16. Simulation result of curve fitting: fitting parameters K1 and K2 vs.
operating period
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6.2.7

Calculation results of adhesive cake characteristics

It is possible to estimate characteristics of the adhesive cake forming on fibres by the
new fouling model. Based on the model parameters (Table 6-2, Table 6-3 and Table
6-5), the parameters related to the adhesive cake characteristics were calculated in the
following order:
(1) The volume fraction of the particles forming adhesive cakes φc, was calculated
by Eq.4-49 using φf, ri,, ro, and K2.
(2) The coefficient of the specific cake characteristics per unit mass αco [m∙kg-1∙kPaS

] was calculated by Eq.4-48 using φc calculated above (1) and ρp, ri, and K1.

(3) The thickness of the adhesive cake per unit fibre δc(t), was calculated by Eq.4-51
using ro, K2, J(t), nfibre, Am and t. The thickness was calculated at the end of each
operating period.

The calculation results of above (1), (2) and (3) are summarised in Table 6-7.

Table 6-7. Adhesive cake characteristics calculated from simulation results of the new
fouling model (Eq.4-48, Eq.4-49 and Eq.4-51)
Operating period
Weeks
0-1
0-2
0-3
0-4
0-5
0-6
0-7
0-8
0-9
0-10
0-11
0-12
Average
Median
Standard Deviation
Variance
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Operating parameters calculated from the results of the curve
fitting
φc [-]
αco [m∙kg-1∙kPa-S]
δc(t) [µm] per fibre
-5
15
9.632×10
1.259×10
55.27
-4
14
9.445×10
6.939×10
12.09
6.006×10-4
1.047×1015
27.83
-4
15
4.170×10
1.288×10
51.47
3.598×10-4
1.504×1015
72.16
4.538×10-4
1.485×1015
69.24
-4
14
6.982×10
1.097×10
53.78
1.415×10-3
8.726×1014
31.65
1.078×10-3
1.012×1015
45.63
1.244×10-3
9.242×1014
43.98
-4
15
7.846×10
1.185×10
73.24
6.136×10-4
1.479×1015
98.34
-4
15
7.25×10
1.01×10
52.89
-4
15
6.56×10
1.12×10
52.63
3.87×10-4
4.89×1014
23.36
1.50×10-7
2.39×1029
545.70

Volume fraction of the particles forming adhesive cakes, φc
Based on Table 6-7, the volume fraction of the particles forming adhesive cakes φc, is
plotted against the operating period in Figure 6-17.

The volume fraction φc was

estimated about 53 to 778 times greater than that in the feed water: φf=1.818×10-6 (See
Table 6-3). The average was φc=7.25×10-4. It is found that the volume fraction φc
showed the smallest value on the first week: φc=9.632×10-5.

This indicates that

adhesive cakes were less concentrated and more porous at the initial filtration stage than

The Volume fraction of particles
forming the adhesive cakes : φc

those after a long-term operation.
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Figure 6-17. Estimated volume fraction of particles forming adhesive cakes φc vs.
operating period

As can be seen in Figure 6-16 and Figure 6-17, the volume fraction φc is inversely
proportional to the fitting parameter K2. This relationship is explained by Eq.6-8, which
indicates an inverse relationship between the volume fraction φc and the pore blockage –
adsorption rate per unit area λ. On the other hand, it is also found that the volume
fraction φc is proportional to the fitting parameter K1 except for the 7 and 8 weeks‘
periods. Although this phenomenon can be explained by Eq.6-8, it necessary to further
investigate the effects of the operating conditions to the model parameters on the 7 and
8 weeks‘ periods.
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In addition, there were small fluctuations in the volume fraction φc. The range of these
fluctuations was from φc=4.170×10-4 to φc=1.415×10-3 after the first week.

The

fluctuations may be dependent on changes in the pore blockage – adsorption rate per
unit area λ or the effectiveness of backwash, and operating conditions. However, it is
very difficult to directly measure the fraction φc during a continuous operation in a fullscale MF system. For this reason, the fraction φc value is generally assumed in the
literature. Although, it is difficult to determine what mainly caused small fluctuations
during the filtration, this study provides specific values at different operating periods
obtained from a full-scale MF system.

Coefficient of the specific cake resistance per unit mass, αco
Based on Table 6-7, the coefficient of the specific cake resistance per unit area αco is
plotted against the operating period in Figure 6-18. The average was αco=1.01×1015
m∙kg-1∙kPa-0.35 when the average of the index of the adhesive cake compressibility was

The coefficient of the specific cake
resistance per unit mass: αco
[m/kg/kPaS]

used as S=0.35 as shown in Table 6-5.
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Figure 6-18. Estimated coefficient of specific cake resistance per unit mass αco vs.
operating period
From Figure 6-16 and Figure 6-18, it can be seen that the coefficient αco is relatively
proportional to the fitting parameter K2 and inversely proportional to the volume
fraction of the particles forming adhesive cakes φc except for the 7 and 8 weeks‘
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periods. These relationships can be explained by Eq.6-8. From Figure 6-14 and Figure
6-18, however, it is also found that the coefficient αco does not show a strong correlation
to the parameter K1 and the pore blockage – adsorption rate per unit area λ. Therefore,
it is concluded that the volume fraction of the particles forming adhesive cakes φc,
provides greater effects to change other variables in the new fouling model than the
coefficient αco.
In addition, there were fluctuations in the coefficient αco between 1.097×1014 m∙kg1

∙kPa-0.32 and 1.504×1015 m∙kg-1∙kPa-0.36. It can be assumed that these fluctuations are

dependent on the other model parameters as shown in Eg.6-8. However, it is again
necessary to further investigate the effects of the operating conditions to the model
parameters.
Few past studies have reported the coefficient αco obtained from experiments. For
example, Chellam and Xu (2006) have reported αco=8.37×1012 and 8.59×1012 m∙kg1

∙kPa-S when the compressibility was S=0.72 and 0.73, respectively. These values were

evaluated during the filtration of treated natural water, but it is restricted to only 1 hour
filtration period. Under different experimental conditions, some studies have reported
the specific cake resistance per unit area. Chellam and his co-workers have reported
that αco=0.46×1014 to 8.22×1014 m∙kg-1∙kPa-S when S=0.65 (Chellam et al., 1998) and
αco=7.69×1013 m∙kg-1∙kPa-S when S=0.93 (Chellam and Jacangelo, 1998) for untreated
natural water. For known incompressible suspension, αco was approximately 1014 to
1016 [m∙kg-1∙kPa-S] (Chellam and Wiesner, 1998; Chellam and Xu, 2006).
From these past studies, it is possible to say that the coefficient αco obtained in this
study (i.e. 1014 to 1015 m∙kg-1∙kPa-S) was roughly in the range of the coefficients found
in past empirical observations (i.e. 1012 to 1016 m∙kg-1∙kPa-S). However, these past
studies were evaluated under different operating conditions. It is therefore impossible
for the comparison of the coefficient αco obtained in this study to other studies.
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Thickness of the adhesive cakes forming outside of a fibre, δc(t)
The thickness of adhesive cake forming at the outer wall of a fibre, δc(t), was estimated
at the end of each operating period. The thickness δc(t) per unit fibre is given by Eq.451:
[m] per unit fibre ... (Eq.4-51)
where
-

δc(t) is the thickness of adhesive cake forming at the outer wall of a fibre [m] at
the end of each operating period t [hr]. These values are shown in Table 6-7.

-

J(t) is the average values of the flux [L∙m-2∙h-1] at the end of each operating
period t [hr]. These values are shown in Table 6-2.

-

Am is the membrane filtration area (the outside surface of the membrane fibres)
[m2], Am =34m2.

-

nfibre is the number of fibres packed in a module, nfibre =20 000.

Based on Table 6-7, the estimated thickness δc(t) is plotted against the operating period
in Figure 6-19. The thickness δc(t) was found in a range between 12.09 and 98.34 μm.
The thickness at the end of the 12 weeks‘ period showed the highest value: δc(t)=98.34
μm, which is 60% of 165 μm of the fibre thickness.
As comparison to Figure 6-17 and Figure 6-19, the thickness δc(t) showed a strong
correlation to the volume fraction of the particles forming adhesive cakes φc. These
figures also show that the thickness δc(t) is inversely proportional to the volume fraction
φc, which can be explained by Eq.4-49 and Eq.4-51. By comparing Figure 6-18 and
Figure 6-19, it can be seen that the thickness δc(t) is proportional to the coefficient of
the specific cake resistance per unit area αco except for the 7 and 8 weeks‘ periods.
However, the thickness δc(t) on the 7 and 8 weeks‘ period did not follow the trend of
the coefficient αco. Therefore, it is concluded that the effects of the volume fraction φc
was greater than those of the coefficient αco.
Furthermore, Figure 6-16 and Figure 6-19 show that the thickness δc(t) is proportional
to the fitting parameter K2 except for the 7 and 8 weeks‘ periods. These figures also
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show that the thickness δc(t) has a relatively inverse relationship to the parameter K1 and
the pore blockage – adsorption rate per unit area λ except for the first week.
Again, fluctuations in the thickness δc(t) may be dependent on the effectiveness of
backwash, and the degrees both of pore blockage and adsorption. However, there are
currently no published papers in the literature on the thickness of the adhesive cake
during the filtration of secondary effluent with regular backwash on a long-term basis.
It is therefore necessary to further investigate changes in the thickness of the adhesive
cake in such operating conditions as well as the relationships among parameters in the

The thickness of adhesive cakes forming outside of a
fibre [μm]

new fouling model.
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Figure 6-19. Estimated thickness of adhesive cake forming at the outer wall of a fibre at
the end of filtration periods δc(t) vs. operating period
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6.2.8

Issues related to the assessment of the system performance

The results discussed above are very useful for a deep understanding of the plant
optimisation and fouling behaviour under practical conditions. However, there are
limitations in the assessment of the system performance in this study.

Currently,

SCADA stores the operating data for only 1 year and the older data get erased from
SCADA.

Although the WWRP has operated for the past 3 years, it is currently

impossible to collect the operating data which are older than 1 year.

To overcome this problem in the data collection, it is significant to regularly collect the
operating data via SCADA. In addition, the monitored data should be permanently
stored into mass storage media such as a CD-ROM or DVD. The analysis of such longterm data will provide more insights into the long-term performance of practical
systems since this type of data is lacking in the industry.

Secondly, it is essential to collect the important operating data for the assessment of the
system performance. Some key parameters are currently not capable in SCADA. For
instance, the parameters include the feed temperature, feed flow rate and other feed
water quality parameters (e.g. turbidity and conductivity). If these parameters are
available together with flow rates and overall pressure drop, a more accurate assessment
of the performance is possible.

In summary, it is necessary to continuously monitor the key water quality parameters
(e.g. turbidity, temperature and conductivity) together with flow rates and overall
pressure drop. These data should be collected with a short-term data interval over a
long-term period, at least during the life of the membrane (e.g. a 1 minute data interval
for 5 to 7 years‘ operating data). In addition, the monitored data should be permanently
stored into mass storage media such as a CD-ROM or DVD. These long-term data will
provide more insights into the long-term performance of practical systems since this
type of data is lacking in the industry.
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6.2.9

Summary

The new fouling model developed in this study has been evaluated using full-scale data
obtained from an industry operated MF plant in secondary effluent reuse. This model
has successfully estimated the fouling behaviour and adhesive cake characteristics
through the simulation by using 3D Curve Fitting Tool on MATLAB software based on
the following model parameters:
-

Index of the adhesive cake compressibility: S

-

Pore blockage – adsorption rate per unit area: λ

-

Clean membrane resistance: Rmo

-

Resistance components due to pore blockage, adsorption and adhesive cake
resistance: Rpb(t), Rad(t) and Rc_ad(t), respectively

-

Volume fraction of the particles forming adhesive cakes: φc

-

Coefficient of the specific cake resistance per unit area: αco

-

Thickness of adhesive cake forming at the outer wall of a fibre: δc(t)

First of all, from the simulation results of the curve fitting, it is found that the model has
a strong correlation (e.g. R2 =0.893) to the operating data for a relatively long-term
operation (e.g. 2016 hours). In particular, it is found that the model is more suitable for
the prediction of the performance degradation over a long-term period, e.g. more than 3
weeks ( > 504 hours).

Secondly, the simulation results indicate that the effects of pore blockage and/or
adsorption were the greatest on the first week (e.g. λ =25.67×10-3 m-1) but became lower
and stable after the first week (e.g. λ =0 to 3.998×10-3 m-1). At the same time, they also
suggest that the effectiveness of backwash was lowest on the first week but became
higher and stable after the first week. However, it can be also considered that backwash
may be more effective at the initial filtration stage due to less accumulation of particles
blocking membrane pores. On the other hand, backwash may be less effective after a
long-term operation due to more particles deposition on the membrane. These
assumptions are different as the simulation results obtained in this study.
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Nevertheless, it is currently difficult to explain why the highest value of the rate λ was
obtained on the first week in this study even if it can be assumed that backwash may be
very effective.

To evaluate this phenomenon, it is necessary to further study the

relationship among the effectiveness of backwash and effects of pore blockage and/or
adsorption during the filtration with regular backwash on a long-term basis, e.g. for 12
weeks. In the author‘s view, the rate λ may relate to additional factors on the first week,
such as changes in the feed water characteristics or types of foulants.

Thirdly, the model estimated that clean membrane resistance was a dominant factor
over total resistance (e.g. 73%) in all operating periods. Adhesive cake resistance was
the next dominant (e.g. 23%) and it gradually increased over time with fluctuations. On
the other hand, the resistance due to pore blockage and/or adsorption was nearly zero or
very low values in comparison to other resistance components. Therefore, it can be
assumed that the effects of pore blockage and adsorption have a very small influence
causing a loss of the performance over an extended period in the MF system in the
WWRP.

Furthermore, the model predicted that the cake characteristics during the filtration.
Adhesive cakes were found to be thinner, less concentrated (more porous), and
moderately compressible but have lower resistance at the initial filtration stage (e.g.
S=0.641, φc=9.632×10-5 and δc(t)=55.27μm on the first week).

However, overall

pressure drop increased with time due to membrane fouling. As a result, cakes were
continuously compressed by the increased pressure over time and became thicker, more
concentrated, and less compressible but had higher resistance after a long-term
operation (e.g. S=0.256, φc=6.136×10-4 and δc(t)=98.34μm after 12 weeks).

The

average values were estimated as S=0.35, φc=7.25×10-4, and αco=1.01×1015 m∙kg-1∙
kPa-0.35. Although it is very difficult to directly measure these cake characteristics and
therefore most past studies assumed these parameters, the new model could estimate
specific values derived from the simulation results using an industrial operating data.

In particular, the index of the adhesive cake compressibility S=0.641 on the first week
has relatively good agreement to a past study by Chellam and Xu (2006). It is also
found that adhesive cakes were moderately compressible on the first week after
162

chemical cleaning and then decreased rapidly after the first week.

However, it

decreased gradually and became nearly stable after the 8 weeks‘ period and
consequently became less compressible (S=0.256) after the 12 weeks‘ period. This
phenomenon is the inverse order to total resistance observed in the MF system.
Therefore, it can be assumed that the index of the adhesive cake compressibility is one
of the major factors affecting an increase in the resistance and a reduction in the
filtration performance. Although it is necessary to further investigate the value S over
time on other filtration times, it may be possible to expect the degradation of the system
performance by calculating the value S without detailed investigation of foulants on a
laboratory.

Furthermore, it is assumed that changes in the value S may indicate changes in the feed
water quality over time. For a pilot-scale experiment, it is therefore concluded that it is
better to examine feed water characteristics including the index of the adhesive cake
compressibility over a long-term operation (e.g. 12 weeks). Otherwise, the results
derived from a short-term operation may mislead the estimation of the feed
characteristics. It is therefore significant to determine the compressibility over an
extended filtration period, not only for a short-term operation.
On the other hand, the last thickness showed the highest value: δc(t)=98.34 μm, which is
60% of 165 μm of the fibre thickness. Furthermore, the coefficient αco obtained in this
study (i.e. 1014 to 1015 m∙kg-1∙kPa-S) was roughly in the range of the coefficients found
in past empirical observations (i.e. 1012 to 1016 m∙kg-1∙kPa-S) (Chellam et al., 1998;
Chellam and Wiesner, 1998; Chellam and Xu, 2006). However, these past studies were
evaluated under different operating conditions and it is therefore impossible compare
the coefficient αco obtained in this study to other studies.
The trends of the parameters related to cake characteristics (e.g. φc, αco, δc(t)) involved
small fluctuations during a continuous operation. These parameters may be dependent
on changes in the pore blockage – adsorption rate per unit area λ or the effectiveness of
backwash, and operating conditions. However, there is currently no published paper in
the literature on these parameters and the cake characteristics‘ parameters observed
during the filtration of secondary effluent with regular backwash on a long-term basis.
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It is therefore necessary to further investigate the relationship among changes in
characteristics of adhesive cakes, operating conditions and the filtration performance.

Finally, for a more accurate evaluation of the filtration performance, it is necessary to
continuously monitor the key water quality parameters (e.g. turbidity, temperature and
conductivity) together with flow rates and overall pressure drop. These data should be
collected with a short-term data interval over a long-term period, at least during the life
of the membrane (e.g. a 1 minute data interval for 5 to 7 years‘ operating data). In
addition, the monitored data should be permanently stored into mass storage media such
as a CD-ROM or DVD. These long-term data will provide more insights into the longterm performance of practical systems since this type of data is lacking in the industry.

6. 3

The New Fouling Model as a Plant Management Tool

6.3.1

Overview

This section determines the major fouling factors affecting the filtration performance
through the simulation of sensitivity analysis. It further discusses the thickness of the
adhesive cake and the maximum filtration period without chemical cleaning, which are
estimated by the new fouling model.

6.3.2

Sensitivity analysis to the total resistance

The major factors affecting total resistance defined in the new fouling model (Eq.4-46
or Eq.4-50) were numerically simulated under various operating conditions.

[1012 m-1] ……………………... (Eq.4-46)

[m-1] per unit module ..... (Eq.4-50)

In the simulation, one of the following 6 parameters was changed from an 80% below
of its original value and then increased up to a 200% above of its original value. For
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example, for the assessment of the sensitivity of flux to total resistance, the flux values
were changed from an 80% decrease from the original value (25.0 L∙m-2∙h-1) to a 200%
increase but other 5 parameters were held constant at their original values. The original
values are the known parameters, average values obtained from the MF Unit A1 or
assumptions as shown in Table 6-2, Table 6-3 and Table 6-5:
-

Clean membrane resistance: Rmo =2.5×1012 m-1.

-

Flux: J(t)=25.0 L∙ m-2∙ h-1.

-

Overall pressure drop: ∆P(t)=20.6kPa.

-

Density of particles presented in the feed stream: ρp =1100 kg∙m-3.

-

Concentration of the feed: Cf =2.0 mg∙L-1.

-

Index of adhesive cake compressibility: S=0.346.

The other parameters in the model were held constant during the simulation. They are
the known parameters or the average values obtained from the simulation results of the
curve fitting as shown in Table 6-3 and Table 6-5:
-

Pore blockage – adsorption rate per unit area: λ=3.49×10-3 m-1.

-

Fitting parameters K1 =4.6×1012 m-1∙kPa-S and K2 =4.6×1012 m-1.

-

Inner and outer radius of a fibre: ri=135μm and ro=300μm, respectively.

From the above parameters, the following values are calculated:
-

Volume fraction of the particles in feed stream: φf by Eq.4-34.

-

Volume fraction of the particles forming the cake: φc by Eq.4-49.

-

Coefficient of the specific cake resistance per unit mass: αco [m∙kg-1∙kPa-S] by
Eq.4-48.

During the sensitivity analysis, the fixed operating time t was input in the new fouling
model. The first simulation was conducted when t =168 hours or 1 week. The second
simulation was conducted when t = 1512 hours or 9 weeks.

The simulation results of changes in total resistance are plotted against changes in the
parameters in Figure 6-20 when t =168 hours and in Figure 6-21 when t =1512 hours.
The detailed results are given in Appendix-E.
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Figure 6-20. Sensitivity analysis of total resistance Rtot(t) under various operating
conditions when operating period t =168 hours (or 1 week)
166

600
550

% changes in total resistance Rtot(t) when t = 1512hours

500
450
400
350
300
250
200
150
100
50
0
-80 -60 -40 -20 0 20 40 60 80 100 120 140 160 180 200
-50
-100

% changes in the parameters
% change in Rmo

% change in J(t)

% change in ∆P(t)

% change in ρp

% change in Cf

% change in S

Figure 6-21. Sensitivity analysis of total resistance Rtot(t) under various operating
conditions when operating period t =1512 hours (or 9 weeks)
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In addition, the sensitivity of operating time t over total resistance was determined
through the simulation. In this simulation, the operating time t was changed from an
80% decrease with the original values (t = 700hours) to a 200% increase. Hence, the
operating time was varied between 140 and 2100 hours. The other parameters in the
new model were held constant at their original values. The simulation result of changes
in total resistance is plotted against changes in the operating time in Figure 6-22. The

% changes in total resistance
Rtot(t)

detailed results are also given in Appendix-E.
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Figure 6-22. Sensitivity analysis of total resistance Rtot(t) under different operating
periods t [hr]

Clean membrane resistance
Both Figure 6-20 and Figure 6-21 show the major factors affecting an increase in total
resistance. When changes in the parameters are between 0 and 120% increases with the
original values, the major factors causing an increase in total resistance are clean
membrane resistance Rmo.

In this case, the major factors affecting the filtration

performance were obtained in the following order:
Rmo > S > ρp > J(t) ≈ ∆P(t) > Cf

………………………….. Eq.6-10

From this order, it is clear that a lower clean membrane resistance Rmo can decrease
Rtot(t) and improve the filtration performance.
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As can be seen in Figure 6-20 and Figure 6-21, it is also found that the rate of the
increase in Rmo at t=1512hours was greater than that at t=168hours. For example, a
100% increase with Rmo (Rmo=5.0×1012m-1) caused a 108% increase with Rtot(t) when
the operating time is t=168hours (Figure 6-20), or a 116% increase with Rtot(t) when
t=1512hours (Figure 6-21). It is also clear that an increase in Rmo was in a linear
relationship to Rtot(t). In contrast, the other operating parameters used in the model were
found to vary in an exponential fashion rather than a linear one.

Index of adhesive cake compressibility
The simulation results of the sensitivity analysis (Figure 6-20, Figure 6-21 and Eq.6-10)
show that the index of the adhesive cake compressibility S was the second most
sensitive factor affecting Rtot(t). However, when S becomes very high, it becomes the
most sensitive factor causing an increase in total resistance. This occurs when changes
in the parameters are greater than 180% increases with their original values (e.g.
S=0.97) when t = 168hours (Figure 6-20). On the other hand, this occurs when changes
in the parameters are greater than 130% increases (e.g. S=0.80) when t = 1512hours
(Figure 6-21). These results indicate that the effects of the cake compressibility S are
greater in a long-term filtration than those in a short-term filtration.

In comparison to the simulation results of the curve fitting, these S values are too high
in the MF system in the WWRP. As can be seen in Table 6-5, the average of S was 0.35
in the MF system. The highest S was found after the 168 hours filtration operation,
such as S =0.64. It is therefore assumed that such a high compressible cake may not be
formed on the membrane in the MF system. However, the cake compressibility is
dependent on feed water quality. If highly compressible particles present in the feed
water, it is necessary to consider the effects of the cake compressibility during the
filtration, in particular, over a long-term operation.

In addition, Figure 6-20 and Figure 6-21 show that an increase in S in an exponential
fashion has a more rapid increase in Rtot(t) than changes in other parameters. When t =
168hours, for example, a 20% increase with the original value causes only a 3.1%
increase in Rtot(t), while a 200% increase with the original value causes a 287% increase
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in Rtot(t).

These results suggest that high compressible cakes can provide high

resistance. Consequently, the filtration performance decreases more rapidly during the
filtration of high compressible particles.

Density of particles in feed stream vs. feed concentration
When the performance of the new fouling model was evaluated (See Section 6. 2), the
two parameters related to feed water quality were assumed. These parameters are the
density of the particles in the feed stream ρp =1100 kg∙m-3 and the concentration of the
feed Cf =2.0 mg∙L-1.
The simulation results of the sensitivity analysis (Figure 6-20, Figure 6-21 and Eq.6-10)
show that the density ρp was the third most sensitive factor affecting Rtot(t).

For

example, a 100% increase with the original value (e.g. ρp = 2200kg∙m-3) caused a 27.9%
increase in Rtot(t) when t = 168hours (Figure 6-20), or a 55.9% increase in Rtot(t) when t
= 1512hours (Figure 6-21). On the other hand, a 200% increase with the original value
(e.g. ρp = 3300kg∙m-3) caused a 104% increase in Rtot(t) when t = 168hours, or a 207.7%
increase in Rtot(t) when t = 1512hours (Figure 6-21).
From these results, it is found that the rate of the increase in ρp at t=1512hours was
greater than that at t=168hours. It is also found that the particles with a higher density
can cause a rapid increase in Rtot(t). Another parameter of feed water quality assumed is
concentration of the feed water Cf. From the sensitivity analysis, it is clear that the
concentration Cf was the least sensitive to Rtot(t). Even if a 200% increase in Cf (Cf
=6.0mg∙L-3) causes only a 31.9% increase in Rtot(t).
From these findings, it is concluded that it is necessary to determine the density ρp more
accurately than the concentration Cf. However, the effects of changes in the density are
relatively small in comparison to the clear membrane resistance Rmo and the index of the
adhesive cake compressibility S. It is therefore considered that the assumptions of these
two parameters did not provide great impact during the evaluation of the new model‘s
performance in this study.
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Flux vs. overall pressure drop
The simulation results of the sensitivity analysis (Figure 6-20, Figure 6-21 and Eq.6-10)
suggest that the flux J(t) and overall pressure drop ∆P(t) have the similar sensitivity to
total resistance Rtot(t). Both J(t) and ∆P(t) are more sensitive than concentration of the
feed Cf, but less sensitive to other parameters. For example, a 100% increase with the
original value (e.g. J(t) = 5.0 L∙m-2∙h-1) caused a 17.4% increase in Rtot(t) when the
operating time is t = 168hours (Figure 6-20), or a 30.8% increase in Rtot(t) when t =
1512hours (Figure 6-21). On the other hand, a 100% increase with the original value
(e.g. ∆P(t) = 41.1kPa) caused a 16.3% increase in Rtot(t) when t = 168hours, or a 32.6%
increase in Rtot(t) when t = 1512hours.
Like other parameters, these results show that the rate of the increase in J(t) and ∆P(t) at
t = 1512hours were greater than those at t = 168hours.

Operating time
The operating time t is one of the sensitive factors affecting total resistance. The results
of the sensitivity analysis showed that a longer operating time causes a more rapid
increase in the total resistance. This indicates that the filtration performance occurs
more rapidly after a long-term filtration operation. For example, a 20% increase with
the original time (e.g. t = 840hours) caused only a 3.6% increase in Rtot(t), and a 100%
increase with the original time (e.g. t=1400hours) provided 26.0% increase in Rtot(t).
Furthermore, a 200% increase with the original time (e.g. t = 2100hours) caused a
74.2% increase in Rtot(t).
In comparison to other parameters with a 100% increase, it can be seen in Figure 6-20
to Figure 6-22 that the time is more sensitive than flux J(t), overall pressure drop ∆P(t)
and feed concentration Cf when these parameters are at t =168hours. On the other hand,
it is found that the time is slightly more sensitive than Cf , but less sensitive than the
other parameters when these parameters are estimated at t = 1512hours.

These findings suggest that the operating time is a relatively sensitive factor affecting
total resistance during a short-term filtration, e.g. for 1 week. This indicates that a
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longer operating time within 1 week can provide relatively great impact to a loss of the
filtration performance due to membrane fouling.

However, the time is not so sensitive during the long-term filtration (e.g. 9 weeks) in
comparison to other parameters. It is therefore important to determine the effects of
other parameters such as Rmo, S, ρp, J(t) and ∆P(t) during the long-term filtration in a
full-scale MF system.

6.3.3

Estimated thickness of adhesive cake

As defined in Eq.4-38, the thickness of the adhesive cake δc(t) increased with flux and
operating time. By changing flux and time values in Eq.4-38, the thickness of adhesive
cake was estimated under different operating conditions. For this estimation, the fitting
parameter for the 12 weeks‘ period was used: K2=8.89m-1 (Table 6-5). Flux was
assumed to be constant. Three different flux values were used, such as: (i) the average
flux for 12 weeks‘ period: J=25.04 L∙m-2∙h-1, (ii) a 200% increase with the average flux:
J=50.0 L∙m-2∙h-1, and (iii) a 500% increase with the average flux: J=100 L∙m-2∙h-1.
The simulation results of the estimated thickness δc(t) are plotted against time by
MATLAB software as shown in Figure 6-23. In this figure, the broken linear lines
adjacent to the curve lines are added for the emphasis of the convex curve fashion of the
estimated thickness. As can be seen in Figure 6-23, the thickness of adhesive cake was
estimated in a convex curve fashion. Under a low flux operation (e.g. J=25.04 L∙m-2 ∙h1

), this convex trend became in a nearly linear fashion. Under a high flux operation (e.g.

J=100 L∙m-2∙h-1), however, this convex trend was more obvious.

It is also found that the growth of the thickness is relatively slow during the filtration
with regular backwash. The growth rate at 2000 hours was at approximately 0.05μm∙h-1
when J=25.04 L∙m-2∙h-1, at approximately 0.09μm∙h-1 when J=50.0 L∙m-2∙h-1, and at
approximately 0.15μm∙h-1 when J=100 L∙m-2∙h-1. Furthermore, a 200% increase with
the average flux causes a 180% increase in the growth rate, while a 400% increase with
the average flux causes a 300% increase in the growth rate. It is therefore clear that an
increase in flux causes an increase in the growth rate of the thickness of adhesive cake.
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Thus, it can be assumed that a lower flux operation can minimise membrane fouling and
maintain the high filtration performance.

Furthermore, if the distance between fibres packed in a module is known, it is possible
to estimate the maximum thickness of adhesive cakes. When the thickness of adhesive
cakes increases, the cake layer boundary may attach to other cakes forming on other
fibres. Adhesive cakes bridged between fibres can provide the high cake resistance to
flux. It is therefore necessary to undertake chemical cleaning or CIP for the removal of
the cake formation before the cake layer boundary may attach to other cakes forming on
other fibres. Consequently, the maximum thickness of adhesive cake can be predicted
based on the maximum allowable thickness just before CIP.

Figure 6-23. Estimated thickness of adhesive cake formed at the outer wall of a fibre,
using the fitting parameter for the 12 weeks‘ period as shown in the convex curve lines
under a constant flux operation: flux values are (i) J=25.04 L∙m-2 ∙h-1 (at the bottom
plot), (ii) J=50.0 L∙m-2∙h-1 (at the middle plot), and (iii) J=100 L∙m-2∙h-1 (at the top plot).
The broken linear lines are added adjacent to the curve lines of the estimated thickness
for the emphasis of the convex curve fashion.

6.3.4

Prediction of maximum filtration period

For the high MF performance, it is better to continuously operate a MF system as long
as possible without chemical cleaning or CIP. During a CIP operation, a MF system
should be shut-down and is not able to produce the product water. Therefore, it is
significant to determine the maximum filtration period without CIP or a longer CIP
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interval. It is essential to undertake CIP at an appropriate timing, which allows a
continuous operation without CIP as long as possible.

The new fouling model defined in Eq.4-50 can predict the maximum filtration period
without CIP under various operating conditions. In the MF system in the WWRP, it is
recommended that CIP is initiated when a change in total resistance ∆Rtot(t) exceeds
6.0×1012 m-1 (Memcor, 2003; Memcor Technology Centre, 2005; Veolia Water
Systems, 2005a; Brewster, 2008, pers. comm.). Therefore, CIP is employed when total
resistance Rtot(t) exceeds 8.5×1012 m-1 (=Rmo+∆Rtot(t) = 2.5×1012 + 6.0×1012 m-1) when
clean membrane resistance is Rmo = 2.5×1012 m-1. In this case, the maximum filtration
period without CIP is calculated as the time when Rtot(t) exceeds 8.5×1012 m-1.
On the other hand, the CIP handheld log (Table 6-1) shows that CIP was often
undertaken when Rtot(t) reached at around 5.0×1012 m-1. In the log, the average of Rtot(t)
before CIP was 4.95×1012 m-1 in Unit A1 in the MF system. Therefore, the filtration
period when Rtot(t) reached at the twice as large as Rmo (e.g. Rtot(t) = 5.0×1012 m-1) was
also examined in here.
The maximum filtration period until total resistance Rtot(t) reaches either (i) 8.5×1012 m-1
or (ii) 5.0×1012 m-1 were estimated by Eq.4-50. This estimation was based on the
average of the fitting parameters for 12 weeks‘ period (Table 6-5) with various fluxes
and overall pressure drop as:
-

Index of adhesive cake compressibility: S=0.35.

-

Fitting parameters: K1=4.60×1010 m-1∙kPa-S, and K2=12.39 m-1.

-

Pore blockage – adsorption rate per unit area: λ=3.49×10-3 m-1.

-

Fluxes: J(t) = 20, 25, 30, 40, or 60 L∙m-2∙h-1.

-

Overall pressure drops: ∆P(t) = 20, 30, 60, 90, 120 or 160 kPa.

From these parameters, the maximum filtration period when total resistance reaches (i)
Rtot(t) =5.0×1012 m-1 and (ii) Rtot(t) = 8.5×1012 m-1 were calculated. The results of this
estimation are summarised in Table 6-8. These results are described in hours and weeks
in this table. In addition, the estimated maximum filtration periods in weeks are plotted
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against overall pressure drop under various flux operations in Figure 6-24 when Rtot(t) =
8.5×1012 m-1 and Figure 6-25 when Rtot(t) =5.0×1012 m-1.

Table 6-8. Under various operating conditions, the maximum filtration periods without
CIP were estimated by the new fouling model (Eq.4-50), using the average values of the
simulation results: S=0.35, K1=4.60×1010m-1∙kPa-S, K2=12.39m-1, and λ=3.49×10-3m-1
Input parameters
assumed
J(t)
[L∙m-2∙h-1]

20

25

30

40

60

Max. filtration period until
Rtot(t) reaches 8.5×1012 m-1
Estimated from
× 1/(24×7)
the model

Max. filtration period until
Rtot(t) reaches 5.0×1012 m-1
Estimated from
× 1/(24×7)
the model

∆P(t) [kPa]

hours

weeks

hours

weeks

20
30
60
90
120
160
20
30
60
90
120
160
20
30
60
90
120
160
20
30
60
90
120
160
20
30
60
90
120
160

15578
15266
14587
14095
13694
13240
12462
12209
11669
11275
10955
10592
10385
10174
9724
9397
9129
8827
7789
7630
7293
7047
6847
6620
5192
5087
4862
4698
4564
4413

92.7
91.7
86.8
83.9
81.5
78.8
74.2
72.7
69.5
67.1
65.2
63.0
61.8
60.6
57.9
55.9
54.3
52.5
46.4
45.4
43.4
41.9
40.8
39.4
30.9
30.3
28.9
28.0
27.2
26.3

6820
6323
5287
4562
3997
3397
5456
5058
4229
3650
3197
2718
4547
4215
3525
3041
2664
2265
3410
3161
2643
2281
1998
1698
2273
2107
1762
1520
1332
1132

40.6
37.6
31.5
27.2
23.8
20.2
32.5
30.1
25.2
21.7
19.0
16.2
27.1
25.1
21.0
18.1
15.9
13.5
20.3
18.8
15.7
13.6
11.9
10.1
13.5
12.5
10.5
9.0
7.9
6.7
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Estimated maximum filtration time
[weeks] without CIP until Rtot(t)
reaches 8.5×1012 /m
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Overall pressure drop ∆P(t) [kPa]
at 0.020 m3/m2/h

at 0.025 m3/m2/h

at 0.040 m3/m2/h

at 0.060 m3/m2/h

at 0.030 m3/m2/h

Estimated maximum filtration time
[weeks] without CIP until Rtot(t) reaches
5.0×1012 /m

Figure 6-24. Estimated maximum filtration periods without CIP under different
operating conditions until total resistance Rtot(t) reaches 8.5×1012m-1
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Figure 6-25. Estimated maximum filtration periods without CIP under different
operating conditions until total resistance Rtot(t) reaches 5.0×1012m-1
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From Table 6-2, the average operating condition for the 12 weeks‘ period was J(t) =
25.0 L∙m-2∙h-1 and ∆P(t)= 20.57kPa. In this case, the maximum period was calculated
as 74.2 weeks when Rtot(t) =8.5×1012 m-1, while it was found as 32.5 weeks when Rtot(t)
=5.0×1012 m-1.

These results confirmed that the MF system can be continuously

operated without CIP on a long-term period, for instance, 74 weeks under such a low
flux and pressure operations. This indicates that there was no serious fouling issue
when MF Unit A1 was continuously operated for a long-term period without CIP, such
as, for the 23 weeks‘ continuous operation without CIP involving short-term down
times observed in the MF system in the WWRP (Table 6-1).

As expected, the

maximum filtration period until Rtot(t) =5.0×1012 m-1 was much shorter than that until
Rtot(t) =8.5×1012 m-1.
Therefore, it is found that there is no serious fouling issue during the long-term
operation without CIP observed in the MF system (i.e. over 23 weeks). It is again
confirmed that the MF system in the WWRP can maintain the designed flux over a
long-term operation without a serious reduction in the performance due to membrane
fouling. It is therefore concluded that the current operating condition is effective in
minimising membrane fouling and in maintaining the filtration performance.
As can be seen in Table 6-8, Figure 6-24 and Figure 6-25, increases in J(t) and ∆P(t)
caused a rapid reduction in the maximum filtration time. For example, the longest
period of the maximum filtration period was estimated under the lowest flux and
pressure operations, such as, when J(t) = 20 L∙m-2∙h-1 and ∆P(t)= 20kPa. In this case,
the maximum filtration period was calculated as 92.7 weeks when Rtot(t) =8.5×1012 m-1,
while it was calculated as 40.6 weeks when Rtot(t) =5.0×1012 m-1. In contrast, the
shortest period of the maximum operating period was estimated at the highest flux and
pressure operation, such as, when J(t) = 60 L∙m-2∙h-1 and ∆P(t)= 160kPa. In this case,
the maximum filtration period was calculated as 26.3 weeks when Rtot(t) =8.5×1012 m-1,
while it was calculated as 6.7 weeks when Rtot(t) =5.0×1012 m-1.
These results indicate that Rtot(t) increased more rapidly under a high flux and pressure
operations. This phenomenon is also explained by Eq.3-7. It is therefore possible to
reduce the rate of membrane fouling under a low flux and pressure operations. This
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agrees with the finding by Chellam and Xu (2006) suggesting that the lower flux
operation is able to minimise membrane fouling and then avoid frequent backwash.

It is also found that an increase in the flux provided a greater impact causing a reduction
in the maximum filtration period than an increase in overall pressure drop.

For

example, the maximum period until Rtot(t)= 8.5×1012 m-1 increased with an increase in
J(t), which was about 17 times greater than an increase in ∆P(t). In contrast, the
maximum period until Rtot(t)= 5.0×1012 m-1 increased with an increase in J(t), which
was 4.6 times larger than that in ∆P(t). To extend the maximum filtration period
without CIP, it is significant to control a lower flux condition rather than a lower
pressure condition.

In summary, it is concluded that a high flux operation causes a more rapid decrease in
the filtration performance due to membrane fouling than a high pressure operation. It is
therefore possible that the membrane fouling can be minimised under a lower flux and
pressure operation. In particular, it is significant to control a lower flux condition rather
than a lower pressure condition. These operating conditions allow a MF system to
maintain the designed filtration performance over a long-term period without chemical
cleaning.

6.3.5

Summary

The major fouling factors affecting the filtration performance have been examined
through the simulation of sensitivity analysis. It has been demonstrated that clean
membrane resistance is the most sensitive factor in the MF system in the WWRP. The
sensitivity of the parameters to total resistance is given here by the order from the most
sensitive factor: i) clean membrane resistance Rmo, ii) index of the adhesive cake
compressibility S, iii) density of the particles in the feed ρp, iv) flux J(t) and overall
pressure drop ∆P(t), and v) concentration of the feed Cf.
Rmo > S > ρp > J(t) ≈ ∆P(t) > Cf
An increase in Rmo was in a linear relationship to Rtot(t), whereas the other parameters
were found in an exponential fashion. In particular, the operating time is a relatively
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more sensitive factor than J(t), ∆P(t) and Cf during the short-term filtration (e.g. 1
week). However, the time is not so sensitive during the long-term filtration (e.g. 9
weeks) in comparison to other parameters.

It is therefore possible to reduce total resistance by employing the membrane with a
lower clean membrane resistance. This may contribute to the improvement of the
filtration performance. For a more accurate prediction of the system performance, it is
significant to determine the index of the adhesive cake compressibility and the density
of the particles in the feed (S and ρp, respectively) rather than other parameters related to
the feed water quality.

Furthermore, thickness of the adhesive cake formation was estimated in a convex curve
fashion by the new fouling model. Under a low flux operation (e.g. J=25.04 L∙m-2 ∙h-1),
this convex trend became in a nearly linear fashion. Under a high flux operation (e.g.
J=100 L∙m-2∙h-1), however, this convex trend was more obvious. In addition, it is found
that the growth of the cake thickness is relatively slow during the filtration with regular
backwash. The growth rate at 2000 hours was at approximately 0.05μm∙h-1 when
J=25.04 L∙m-2∙h-1, at approximately 0.09μm/h when J=50.0 L∙m-2∙h-1, and at
approximately 0.15μm∙h-1 when J=100 L∙m-2∙h-1. It is therefore clear that an increase in
flux causes an increase in the growth rate of the thickness of adhesive cake. Thus, it is
concluded that a lower flux operation can minimise membrane fouling and maintain the
high filtration performance.

In addition, the model predicted a relatively long filtration period without CIP. For
example, under the average operating condition for the 12 weeks‘ period was J(t) =25.0
L∙m-2∙h-1 and ∆P(t)= 20.57kPa, the maximum filtration period was calculated as 74.2
weeks when Rtot(t) =8.5×1012 m-1, while it was found as 32.5 weeks when Rtot(t)
=5.0×1012 m-1.

These results confirmed that the MF system can be continuously

operated without CIP on a long-term period. This indicates that there was no serious
fouling issue when MF Unit A1 was continuously operated for a long-term period
without CIP, such as, for the 23 weeks‘ continuous operation without CIP involving
short-term down times observed in the MF system in the WWRP (Table 6-1).
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It is also found that Rtot(t) increases more rapidly under a high flux and pressure
operation. It is therefore possible to reduce the rate of membrane fouling under a low
flux and pressure operations.

In particular, the model predicted that a high flux

operation causes a more rapid decrease in the filtration performance due to membrane
fouling than a high pressure operation.

6. 4

Summary

This chapter has presented and discussed the frequency of CIP operations, the analysis
of the operating data observed in an industry operated MF plant, the evaluation of the
new model developed in this study including sensitivity analysis.

The MF plant

researched in this study is an industrial MF plant treating secondary effluent as a part of
municipal water treatment in the WWRP in Australia. This MF system employs hollow
fibre membranes with outside-in configuration operated under a direct-flow, constant
flux mode with regular backwash.
From the analysis of the CIP operation‘s records and operating data, it is found that the
MF system does not suffer from irreversible fouling under the current operating
condition. Although the average of the CIP interval was for 8 weeks and 2.6 days, this
MF system could maintain the designed flux over a relatively long-term operation
without CIP (e.g. for 23 weeks including short-term shutdown periods). It is therefore
concluded that the current operation is effective for the restoration of the performance
degradation due to membrane fouling and can maintain the designed flux over time.
As expected, overall pressure drop ∆P(t) increased over time. In particular, a rapid
increase in ∆P(t) was observed at the early stage (i.e. 200 hours), and a gradual increase
was found after the early stage. These trends were also observed in the total resistance
Rtot(t). It is also found that the range of the data ∆P(t) was greater at the later filtration
stage than at the initial stage.

These phenomena have a good agreement with

observation of the cross-flow filtration by Xie et al., (2008). It is therefore concluded
that regular backwash can remove a fraction of particles on the membrane surface
which behaves as similar as the shear flow in a cross-flow filtration. Or, it is also
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possible that the shear flow during a direct-flow filtration in a full-scale system may be
effective in removing the deposited particles as same as a cross-flow filtration.
However, it is necessary to further investigate the filtration with regular backwash under
a controlled condition for understanding the major fouling mechanisms, effects of the
backwash and shear flow.
As not expected, there were small fluctuations in J(t), ∆P(t) and Rtot(t) probably because
of fluctuations in the pump characteristics used in pushing the feed water into the MF
modules. Since greater ranges of fluctuations in J(t) and ∆P(t) were cancelled in
calculating Rtot(t), the data Rtot(t) did not involve great fluctuations or many outliers.
Hence, it is clear that Rtot(t) is suitable in using as an indicator of membrane fouling in a
full-scale MF system on a long-term basis. Although there is currently no published
paper in the literature showing such fluctuations‘ trends of the operating data, it is
important to use the data with a short-term data interval (e.g. a 1 minute data interval)
for a more accurate evaluation of the filtration performance.

Furthermore, the new fouling model developed in this study has successfully estimated
the fouling behaviour and the adhesive cake characteristics through the simulation by
3D Curve Fitting Tool on MATLAB software. First of all, this model showed a strong
correlation (e.g. R2 =0.893) to the operating data for a relatively long-term operation
(e.g. 2016 hours). In particular, it is found that the model is more suitable for the
prediction of the performance degradation over a long-term period than that in a shortterm period, e.g. more than 3 weeks ( > 504 hours).

Secondly, the simulation results indicate that the effects of pore blockage and/or
adsorption were the greatest on the first week (e.g. λ =25.67×10-3 m-1) but became lower
and stable after the first week (e.g. λ =0 to 3.998×10-3 m-1). It is however currently
difficult to explain why the highest value of the rate λ was obtained on the first week in
this study even if it can be assumed that backwash may be very effective. To evaluate
this phenomenon, it is necessary to further study the relationship among the
effectiveness of backwash and the effects of pore blockage and/or adsorption during the
filtration on a long-term basis. In the author‘s view, the rate λ may relate to additional
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factors on the first week, such as changes in the feed water characteristics or types of
foulants.

Thirdly, the model estimated that clean membrane resistance was a dominant factor
over total resistance (e.g. 73%) in all operating periods. Adhesive cake resistance was
the next dominant (e.g. 23%) and it gradually increased over time with fluctuations. On
the other hand, the resistance due to pore blockage and/or adsorption was nearly zero or
very low values in comparison to other resistance components. Therefore, it can be
assumed that the effects of pore blockage and adsorption have a very small influence
causing a loss of the performance over an extended period in the MF system in the
WWRP.

Furthermore, the model predicted that cake characteristics during the filtration.
Adhesive cakes were found to be thinner, less concentrated (more porous), and
moderately compressible but have lower resistance at the initial filtration stage (e.g.
S=0.641, φc=9.632×10-5 and δc(t)=55.27μm on the first week).

However, overall

pressure drop increased with time due to membrane fouling. As a result, the cakes were
continuously compressed by the increased pressure over time and became thicker, more
concentrated, and less compressible but had higher resistance after a long-term
operation (e.g. S=0.256, φc=6.136×10-4 and δc(t)=98.34μm after 12 weeks).

The

average values were estimated as S=0.35, φc=7.25×10-4, and αco=1.01×1015 m∙kg-1∙
kPa-0.35. Although it is very difficult to directly measure these cake characteristics and
therefore most past studies assumed these parameters, the new model could estimate
specific values derived from the simulation results using an industrial operating data.

In particular, the index of the adhesive cake compressibility S=0.641 on the first week
has relatively good agreement to a past study by Chellam and Xu (2006). It is also
found that adhesive cakes were moderately compressible on the first week after
chemical cleaning and then decreased rapidly after the first week.

However, it

decreased gradually and became nearly stable after the 8 weeks‘ period and
consequently became less compressible (S=0.256) after the 12 weeks‘ period. This
phenomenon is the inverse order to total resistance observed in the MF system.
Therefore, it can be assumed that the index of the adhesive cake compressibility is one
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of the major factors affecting an increase in total resistance and a reduction in the
filtration performance. Although it is necessary to further investigate the value S over
time on other filtration times, it may be possible to expect the degradation of the system
performance by calculating the value S without detailed investigation of foulants on a
laboratory.

Moreover, it is assumed that changes in the value S may indicate changes in the feed
water quality over time. For a pilot-scale experiment, it is therefore concluded that it is
better to examine feed water characteristics including the index of the adhesive cake
compressibility over a long-term operation (e.g. 12 weeks). Otherwise, the results
derived from a short-term operation may mislead the estimation of feed characteristics.
It is therefore significant to determine the compressibility over an extended filtration
period, not only for a short-term operation.

The simulation also estimated the cake thickness and maximum filtration period,
suggesting that it is possible to minimise membrane fouling under a lower flux and
pressure operations. In particular, it is significant to control a lower flux condition
rather than a lower pressure condition. Under a low flux and pressure operation, the
model predicted a relatively long filtration period without CIP, such as, the maximum
filtration period was calculated as 74.2 weeks when the total resistance Rtot(t) reaches
8.5×1012 m-1, or 32.5 weeks when Rtot(t) reaches 5.0×1012 m-1. These results confirmed
that there was no serious fouling issue when MF Unit A1 in the WWRP was
continuously operated for a long-term period without CIP, such as, for the 23 weeks‘
continuous operation without CIP involving short-term down times.
In the author‘s understanding, there is currently no published paper in the literature on
the fouling mechanisms, major resistance components, backwash effectiveness, shear
flow and the cake characteristics observed during the filtration with regular backwash
using hollow fibre membranes treating secondary effluent on a long-term basis. It is
therefore essential to determine the fouling mechanism under a controlled condition
with regular backwash for understanding the relationship among these parameters. It is
also important to further investigate these parameters and the filtration performance
under a full-scale MF system in practice.
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For a more accurate evaluation of the filtration performance, it is necessary to
continuously monitor the key water quality parameters (e.g. turbidity, temperature and
conductivity) together with flow rates and overall pressure drop. These data should be
collected with a short-term data interval over a long-term period, at least during the life
of the membrane (e.g. a 1 minute data interval for 5 to 7 years‘ operating data). In
addition, the monitored data should be permanently stored into mass storage media such
as a CD-ROM or DVD. These long-term data will provide more insights into the longterm performance of practical systems since this type of data is lacking in the industry.

Finally, the major fouling factors affecting the filtration performance have been
examined through the simulation of sensitivity analysis. It has been demonstrated that
clean membrane resistance is the most sensitive factor in the MF system in the WWRP.
The sensitivity of the parameters to total resistance is given here by the order from the
most sensitive factor: i) clean membrane resistance Rmo, ii) index of the adhesive cake
compressibility S, iii) density of the particles in the feed ρp, iv) flux J(t) and overall
pressure drop ∆P(t), and v) concentration of the feed Cf.
Rmo > S > ρp > J(t) ≈ ∆P(t) > Cf
From the sensitivity analysis, it is possible to reduce total resistance by employing the
membrane with a lower clean membrane resistance.

This may contribute to the

improvement of the filtration performance. It is also significant to determine the index
of the adhesive cake compressibility and the density of the particles in the feed (S and
ρp, respectively) rather than other parameters related to the feed water quality.
In summary, the model has successfully predicted fouling behaviour and the full-scale
system performance over an extended filtration period. In the author‘s understanding,
the new fouling model is the first model evaluated under practical conditions using fullscale data obtained from an industry operated MF plant. This model is also the first
model which can demonstrate a decrease in the index of the cake compressibility over
time and provides specific values of the volume fraction of the particles forming
adhesive cakes at different operating periods. Therefore, outcomes from this study will
provide new insights in understanding the full-scale system performance of an industry
operated plant.
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7 Conclusions and Recommendation
This chapter concludes the results carried out from this research and then describes
recommendations for further studies.

7. 1

Conclusions

This research successfully developed a new fouling model for the prediction of the
performance degradation in a full-scale MF system using hollow fibre membranes. The
new fouling model was also evaluated under the operating data observed in an industry
operated MF plant treating secondary effluent. As a result, this research achieved the
specific objectives described in Chapter 1 as follows.

7.1.1

To understand the membrane fouling behaviour and key factors affecting the
MF system performance treating secondary effluent.

This objective was achieved and the findings are as follows.

In the 21st century, freshwater scarcity is an emerging worldwide crisis that threatens
human activity. The water shortage has been accelerated by the high demand caused by
the rapid population growth and the reduction of rainfall due to climate change.
Because of this lack of freshwater, an alternative resource using recycled wastewater or
seawater has recently become a more attractive option.

Pressure-driven membranes play a vital role in water treatment and desalination.
Comparing conventional processes, MF membranes can achieve more stable
performance in eliminating colloidal particles due to its high removal efficiency. The
MF process has also been widely used for the pre-treatment of NF and RO processes.
However, membrane fouling is the major problem of membrane processes since fouling
causes a loss of the filtration performance over time and eventually increases energy
consumption and plant operating and maintenance costs.
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7.1.2

To assess the existing fouling models used for the prediction of the filtration
performance of the MF process in water and wastewater treatment.

This objective was achieved and the findings are as follows.

To overcome fouling problems, past studies have widely investigated fouling
mechanisms and its models for MF and UF. The fouling models in early studies were
derived from the classical filtration models developed by Hermia (1982). In addition,
many studies have proposed the fouling models based on Darcy‘s law in Eq.3-7 (Davis,
1992; Ho and Sirkar, 1992; Belfort et al., 1994; Chellam et al., 1998; Crittenden et al.,
2005; Kim et al., 2008; Lee et al., 2008; Kim and DiGiano, 2009). Most of all existing
models are not designed for describing the filtration performance in practice since past
studies may have focussed on understanding of fouling mechanism during a short-term
filtration under a well-controlled filtration without backwash. As a result, these existing
fouling models were often evaluated in bench-scale, simplified, non-practical
experiments using a flat-sheet membrane and can only expect fouling behaviour under a
limited condition.

In practice however, many MF and UF systems commonly employ hollow fibre
membranes with outside-in configuration, which are often operated under a constant
flux, direct-flow mode with regular backwash (Chellam et al., 1998; Lee et al., 2008;
Kim and DiGiano, 2009; Kincl et al., 2009). It is therefore necessary to modify the
models derived from a flat-sheet membrane into those for a hollow fibre membrane,
which is of a cylindrical geometry (Davis, 1992; Ho and Sirkar, 1992). The source
water is also generally treated natural water or secondary effluent which may contain
various suspensions over a wide range of size, physical, chemical and biological
characteristics, which may have a more complex structure and deformable rather than a
rigid spherical shape under controlled experiments.

Although a few models have been proposed for a hollow fibre membrane (Davis, 1992;
Belfort et al., 1994; Chellam et al., 1998; Kincl et al., 2009), they are not directly
applicable for the prediction of the full-scale system performance. This is because these
models do not account the effects of pore blockage and adsorption during the dead-end
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filtration (Ho and Sirkar, 1992; American Water Works Association et al., 1996;
Crittenden et al., 2005; Kim and DiGiano, 2009). To the author‘s knowledge, however,
there is currently no published paper in the literature on investigating the effects of
membrane resistance and resistance components due to different fouling mechanisms
(e.g. pore blockage, adsorption and cake formation) during the long-term filtration with
regular backwash. It is therefore questionable to exclude the effects of pore blockage
and/or adsorption over total resistance in a fouling model for the filtration in an
industrial plant.

Hence, it is significant to develop a more practical model for the prediction of the
filtration performance under practical conditions. The model should account for the
effects of membrane resistance and three major fouling mechanisms: pore blockage,
adsorption and cake formation. It should be also dependent on time and basic operating
parameters. Such a practical model can contribute to a better understanding of the plant
design and optimisation, which results in reducing the fouling impacts and plant
maintaining and operating costs as well as avoids undertaking a costly and time
consuming pilot study.

7.1.3

To develop a new analytical model for the prediction of the full-scale, longterm filtration performance in a practical MF system, which employs hollow
fibre membranes with outside-in configuration operated under a constant
flux, direct-flow mode with regular backwash.

A new analytical fouling model (Eq.4-46) has been developed for the prediction of the
performance degradation during the filtration with backwash using hollow fibre
membranes with outside-in configuration on a long-term basis. This model accounts for
the effects of the three fouling mechanisms during the MF process: pore blockage,
adsorption and ‗adhesive‘ cake formation. These fouling mechanisms are expressed as
simply as possible using the basic operating parameters, which can be easily determined
in practice. In addition, this model takes into account all features that contribute to
membrane fouling except the detailed water quality characteristics.
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[ m-1] per unit module ……... (Eq.4-46)

In particular, the new fouling model developed successfully combines both the
membrane resistance model and adhesive cake resistance model.

The membrane

resistance model (Eq.4-6) can predict an increase in the membrane resistance over time,
which associated with flux and resistance components due to pore blockage and/or
adsorption. In this model, the rate of a reduction in membrane filtration area due to pore
blockage and/or adsorption was also newly defined.

In addition, adhesive cake

resistance model (Eq.4-45) can describe an increase in the adhesive cake resistance over
time with changes in overall pressure drop and flux during the filtration of compressible
particles under a regular backwash operation.

However, there are some limitations in the application of the new fouling model. First
of all, the model is unable to estimate the system performance during the filtration with
the effects of chemical cleaning. Secondly, it is unable to account for the effects in
changes in the density of the particles and feed concentration over time. Furthermore,
the model does not account for detailed water quality parameters.

It is therefore

impossible to identify the serious foulants affecting the performance degradation
without further studies.

Nevertheless, the significant advantage is that the new model can describe the
performance as simply as possible.

Although there are some limitations, such a

simplified analytical expression is still very useful in a practical application for plant
design and optimisation.

7.1.4

To evaluate the new model by applying it to full-scale data obtained from an
industry operated MF plant used in municipal wastewater treatment.

To achieve this object, an industry operated MF plant using hollow fibre membranes
was investigated as a case study. There are multiple MF Units in this MF system,
which consists of MEMCOR M10C hollow fibre membranes with outside-in
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configuration operated under a direct-flow, constant flux mode.

For membrane

cleaning, the MF system employs air backwash every 30 minutes and CIP as chemical
cleaning. Both air backwash and CIP are automatically initiated when a change in the
total resistance exceeds the maximum allowable level.

For understanding the operating conditions in a full-scale MF system, the CIP handheld
log recorded by plant operators was collected and the operating data were obtained from
one of the MF Units in the WWRP – MF Unit A1. The variables of the data were
capable from SCADA, including feed flow rate, overall pressure drop, feed and
permeate pressures, and water quality parameters. Since significant pre-processing of
the data was required, the specific programs for the removal of many outliers were
developed on MATLAB software.

Based on MATLAB programs, the operating data and the filtration performance of MF
Unit A1 in the MF system were analysed. As a result, the following findings were
obtained.
-

The MF system does not suffer from irreversible fouling under the current
operating condition. Although the average of the CIP interval was for 8 weeks
and 2.6 days, the MF system can maintain the designed filtration performance
over a relatively long-term operation without CIP, e.g. 23 weeks including shortterm shutdown periods. It is therefore concluded that the current operation is
effective for the minimisation of membrane fouling.

-

The trend of the performance degradation over time observed in the MF system
has a good agreement with observation of the cross-flow filtration by Xie et al.,
(2008). It is therefore concluded that regular backwash can remove a fraction of
particles on the membrane surface which behaves as similar as the shear flow in
a cross-flow filtration. Or, it is also possible that the shear flow during a directflow filtration in a full-scale system may be effective in removing the deposited
particles as same as a cross-flow filtration. However, it is necessary to further
investigate the filtration with regular backwash under a controlled condition for
understanding the major fouling mechanisms, effects of the backwash and shear
flow.
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-

As not expected, there were small fluctuations in flux, overall pressure drop and
total resistance probably because of fluctuations in the pump characteristics used
in pushing the feed water into the MF modules.

Since greater ranges of

fluctuations in flux and overall pressure drop were cancelled in calculating total
resistance, it is clear that total resistance is suitable in using as an indicator of
membrane fouling in a full-scale MF system on a long-term basis. Although
there is no published paper in the literature showing such fluctuations‘ trends of
the operating data, it is important to use the data with a short-term data interval
(e.g. a 1 minute data interval) for a more accurate evaluation of the filtration
performance.

In addition, the new fouling model was evaluated under such operating data through the
simulation using 3D Curve Fitting Tool on MATLAB software.

As a result, the

following findings were obtained.
-

The new fouling model developed in this study has successfully estimated the
fouling behaviour and the adhesive cake characteristics through the simulation
by 3D Curve Fitting Tool on MATLAB software. The model has a strong
correlation (e.g. R2 =0.893) to full-scale data for a relatively long-term operation
(e.g. 2016 hours). In particular, the model is more suitable for the prediction of
the performance degradation over a long-term period than that in a short-term
period, e.g. more than 3 weeks.

-

The simulation results indicate that the effects of pore blockage and/or
adsorption were the greatest on the first week (e.g. λ =25.67×10-3 m-1) but
became lower and stable after the first week (e.g. λ =0 to 3.998×10-3 m-1). It is
however currently difficult to explain why the highest value of the rate λ was
obtained on the first week in this study even if it can be assumed that backwash
may be very effective. To evaluate this phenomenon, it is necessary to further
study the relationship among the effectiveness of backwash and the effects of
pore blockage and/or adsorption during the filtration on a long-term basis. In
the author‘s view, the rate λ may relate to additional factors on the first week,
such as changes in the feed water characteristics or types of foulants.

-

The model estimated that the clean membrane resistance was a dominant factor
over the total resistance (e.g. 73%) in all operating periods. The adhesive cake
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resistance was the next dominant (e.g. 23%) and gradually increased over time
with fluctuations. On the other hand, the resistance due to pore blockage and/or
adsorption was nearly zero or very low values in comparison to other resistance
components. Therefore, it can be assumed that the effects of pore blockage and
adsorption have a very small influence causing a loss of the performance over an
extended period in the MF system in the WWRP.
-

Adhesive cakes were estimated to be thinner, less concentrated (more porous),
and moderately compressible but have lower resistance at the initial filtration
stage (e.g. index of the adhesive cake compressibility S=0.641, volume fraction
of the particles forming adhesive cakes φc=9.632×10-5 and thickness of the
adhesive cakes δc(t)=55.27 μm on the first week). In particular, the index of the
adhesive cake compressibility S=0.641 on the first week has relatively good
agreement to a past study by Chellam and Xu (2006). However, they became
thicker, more concentrated, and less compressible but had higher resistance after
a long-term operation (e.g. S=0.256, φc=6.136×10-4 and δc(t)=98.34 μm after 12
weeks). These phenomena may be caused by an increase in overall pressure
drop which continuously compressed adhesive cakes over time.

-

The average values of cake characteristics were estimated as S=0.35,
φc=7.25×10-4, and αco =1.01×1015 m∙kg-1∙kPa-0.35.

It is also found that the

adhesive cakes were moderately compressible on the first week after chemical
cleaning and then decreased rapidly after the first week. Although it is very
difficult to directly measure these cake characteristics and therefore most past
studies assumed these parameters, the new model could estimate specific values
derived from the simulation results using an industrial operating data.
-

Since the trend of the index of the adhesive cake compressibility S showed the
inverse order to total resistance observed in the MF system, it can be assumed
that the compressibility S is one of the major factors affecting an increase in
total resistance and a reduction in the filtration performance. Therefore, it may
be possible to expect the degradation of the system performance by calculating
the value S without detailed investigation of foulants on a laboratory.

-

It is also assumed that changes in the index of the adhesive cake compressibility
S may indicate changes in feed water quality over time.

For a pilot-scale

experiment, it is therefore concluded that it is better to examine feed water
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characteristics including the index of the adhesive cake compressibility over a
long-term operation (e.g. 12 weeks). Otherwise, the results derived from a
short-term operation may mislead the estimation of the feed characteristics. It is
therefore significant to determine the compressibility over an extended filtration
period, not only for a short-term operation.
-

The simulation also estimated that it is possible to minimise membrane fouling
under a lower flux and pressure operations. Under a low flux and pressure
operation, the model predicted a relatively long filtration period without CIP,
such as, the maximum filtration period was calculated as 74.2 weeks when the
total resistance Rtot(t) reaches 8.5×1012 m-1, or 32.5 weeks when Rtot(t) reaches
5.0×1012 m-1. These results confirmed that there was no serious fouling issue
when MF Unit A1 in the WWRP was continuously operated for a long-term
period without CIP, such as, for the 23 weeks‘ continuous operation without CIP
involving short-term down times.

In the author‘s understanding, there is currently no published paper in the literature on
the fouling mechanisms, major resistance components, backwash effectiveness, shear
flow and the cake characteristics observed during the filtration with regular backwash
using hollow fibre membranes treating secondary effluent on a long-term basis. It is
therefore essential to determine the fouling mechanism under a controlled condition
with regular backwash for understanding the relationship among these parameters. It is
also important to further investigate these parameters and the filtration performance
under a full-scale MF system in practice.

Finally, it is found that there are currently limitations in the data collection for the longterm performance in practice.

For a more accurate evaluation of the filtration

performance, it is necessary to continuously monitor the key water quality parameters
(e.g. turbidity, temperature and conductivity) together with flow rates and overall
pressure drop. These data should be collected with a short-term data interval over a
long-term period, at least during the life of the membrane (e.g. a 1 minute data interval
for 5 to 7 years‘ operating data). In addition, the monitored data should be permanently
stored into mass storage media such as a CD-ROM or DVD. These long-term data will
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provide more insights into the long-term performance of practical systems since this
type of data is lacking in the industry.

7.1.5

To identify the major factors affecting the MF performance during the
filtration of compressible particles under a constant flux operation with
regular backwash.

To achieve this object, the major fouling factors affecting the filtration performance
have been examined through the simulation of sensitivity analysis.

It has been

demonstrated that clean membrane resistance is the most sensitive factor in the MF
system in the WWRP. The sensitivity of the parameters to total resistance is given here
by the order from the most sensitive factor: i) clean membrane resistance Rmo, ii) index
of the adhesive cake compressibility S, iii) density of the particles in the feed ρp, iv) flux
J(t) and overall pressure drop ∆P(t), and v) concentration of the feed Cf.
Rmo > S > ρp > J(t) ≈ ∆P(t) > Cf
From the sensitivity analysis, it is possible to reduce total resistance by employing the
membrane with a lower clean membrane resistance.

This may contribute to the

improvement of the filtration performance. It is also significant to determine the index
of the adhesive cake compressibility and density of the particles in the feed (S and ρp,
respectively) rather than other parameters related to the feed water quality.

7.1.6

To optimise and recommend suitable operating conditions for the
minimisation of membrane fouling and for the improvement of the filtration
performance.

This research carried out new outcomes in operating conditions for the minimisation of
membrane fouling and for the prediction of the filtration performance in practice. The
research also confirmed that the current operation is effective for the minimisation of
membrane fouling as well as total resistance is suitable in using as an indicator of
membrane fouling. The followings are further suggested for the optimisation of the MF
system in the WWRP.
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-

To extend the CIP interval longer than every 9 weeks which is the current CIP
interval suggested by manufacturer.

-

To predict the filtration performance weekly or monthly by using the new model
based on the operating conditions without investigating detailed water quality
for the projection of serious fouling.

Although the following findings have been discussed in past studies, the new model
also suggested them for the optimisation of the MF system.
-

To employ the membrane with a lower clean membrane resistance.

-

To operate the MF system under a low flux.

-

To operate the MF system under a low pressure. This is less significant in
comparison to the high flux operation since a higher flux operation causes a
greater impact in reducing the maximum filtration period than a higher pressure
operation.

Furthermore, the sufficient data monitoring and data store will allow a more accurate
assessment of the system performance on a long-term basis. Therefore, the following
methods are suggested for the plant optimisation and fouling control.
-

To continuously monitor the key water quality parameters together (e.g. flow
rate, pressure, concentration, turbidity, conductivity, temperature in the feed and
permeate streams, and the density of particles presented in the feed).

-

To collect the data should be collected with a short-term data interval over a
long-term period, at least during the life of the membrane (e.g. a 1 minute data
interval for 5 to 7 years‘ operating data).

-

To permanently store the monitored data into mass storage media such as a CDROM or DVD.

In summary, this research achieved the specific objectives as listed in Chapter 1. The
new fouling model developed in this study has successfully demonstrated the prediction
of the full-scale system performance under practical conditions over an extended
filtration period. To the author‘s knowledge, the new fouling model is the first model
evaluated under full-scale data obtained from an industry operated MF plant. This
model is also the first model which can demonstrate a decrease in the index of the cake
194

compressibility over time and provides specific values of the volume fraction of the
particles forming adhesive cakes at different operating periods. Therefore, outcomes
from this research will provide new insights into the full-scale system performance
using hollow fibre membranes with regular backwash.

7. 2

Recommendation for further studies

In this study, a new fouling model was developed for the prediction of the performance
degradation due to membrane fouling in a full-scale MF system. However, this model
can be further improved for a more accurate prediction in practice. To obtain a more
robust model in predicting the system performance, it is necessary to further study the
followings:

1. To identify significant foulants affecting the filtration performance.
The model does not account for the parameters representing the significant
foulants affecting the filtration performance. As a result, this model is unable to
identify the significant foulants without any further experiment. It is therefore
necessary to identify such foulants during the filtration with regular backwash.

To achieve this, it is significant to measure the characteristics of organic matter
which causes organic fouling from controlled experiments using a sample of the
MF feed water after chemical wash. The characteristics of organic matter in the
feed water can be determined by measuring dissolved organic carbon (DOC)
which represents the amount of organic matter, by measuring dissolved organic
nitrogen, or by measuring total organic carbon (TOC) by analysers (Fan et al.,
2001; Amy, 2008).

More detailed characteristics can be available from a measurement of the
aromatic character of organic matter by a UV absorbance at 254nm, the amounts
of humic or non-humic organic matter by a specific UV absorbance, and
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molecular weight distribution by size exclusion chromatography with DOC
detection. Since hydrophobic particles may accelerate membrane fouling, it is
significant to determine hydrophobic, transphilic and hydrophilic DOC
distribution revealed by resin adsorption chromatography. Other sophisticated
methods include pyrolysis gas chromatography / mass spectrometry describing
organic matter biopolymer composition.

2. To determine parameters related to the feed water characteristics which were not
measured in this study.
The feed concentration and the density of the particles in the feed water were
assumed in the new model without a direct measurement.

It is therefore

necessary to confirm if these assumptions are reasonable or if there is any
correction in the input parameters in the model. It is therefore significant to
measure these parameters in the MF feed water in the WWRP.

To achieve this, additional apparatus to measure total dissolved solids (TDS)
representing of the feed concentration will be installed in the MF system in the
WWRP. Otherwise, it is necessary to collect a sample of the MF feed water and
measure TDS of the feed in a laboratory. In addition, the density of the particles
in the feed water may be determined through the identification of significant
foulants, or using by size exclusion chromatography as mentioned earlier.

Furthermore, turbidity and conductivity in the MF feed water are currently not
measured in the WWRP. For an understanding of the filtration performance, it
is important to measure these parameters by using a turbidity meter and
conductivity meter in the plant or in a laboratory by collecting a sample of the
feed water.

3. To further investigate the fouling mechanisms and performance degradation
during the filtration with regular backwash.
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It is currently difficult to explain why the highest value of the pore blockage –
adsorption rate per unit area λ in the model was obtained on the first week in this
study even if it can be assumed that backwash may be very effective. In the
author‘s understanding, there is no published paper in the literature on the
fouling mechanisms, major resistance components, backwash effectiveness,
shear flow and cake characteristics observed from the filtration with regular
backwash using hollow fibre membranes treating secondary effluent on a longterm basis.

In this study, the operating data from a full-scale MF system also limits a deep
understanding of the effects of various fouling mechanisms and foulants. It is
therefore essential to determine the fouling mechanism under a controlled
condition with regular backwash. It is also important to further investigate the
relationships among fouling mechanisms and the filtration performance under a
full-scale MF system in practice.

In addition, for an understanding of the characteristics of adhesive cakes, it is
significant to observe its thickness during the filtration of secondary effluent
with regular backwash. Several observation techniques have been introduced in
past studies, such as projector technique, direct observation through membrane,
direct observation recorded by a video camera, laser beam and laser excitation
(Marselina et al., 2009).

To observe the growth of the cake thickness during the filtration, it is useful to
conduct a laboratory experiment of the filtration by employing a few simple
hollow fibres and record the process of an increase in the cake thickness by a
video camera and a microscope. The recorded video will be analysed with
comparison to the results from this study and past studies. In particular, the feed
source should be a sample of the MF feed water in the WWRP or treated natural
water. This experiment should be conducted for a long-term period (e.g. 12
weeks).
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Furthermore, the thickness of adhesive cakes can be estimated by using the laser
beam under a bench-scale filtration experiment. By using the laser beam, the
measurement of the deflection from the clean membrane surface allows the
estimation of the cake thickness on a membrane in a non-invasive way (Mendret
et al., 2009).

4. To evaluate the model under different operating conditions and different water
sources.
The new model has not been evaluated under different operating conditions or
different feed water sources rather than the MF system in the WWRP. It is
therefore significant to evaluate the performance of the model under full-scale
data using different water sources, such as treated surface water, municipal
secondary effluent from different sites, or the MF feed water without chemical
wash.

To achieve this, it is necessary to collect full-scale data from different sites, or
the operating data obtained under different designed flux or initial overall
pressure drop values in the MF system in the WWRP. It is further important to
conduct controlled experiments treating known suspensions such as calcium
under similar operating conditions as this study (e.g. the filtration with regular
backwash) and evaluate the performance of the new model.

Finally, it is significant to incorporate the model with the key factors related to the
above observations in controlled experiments. These further studies will make the new
model more robust for the prediction of the system performance in practice. If a more
robust model is developed, it is possible to avoid costly and time consuming pilot plant
experiments.

198

REFERENCES

American Water Works Association, Lynnaise des Eaux & Water Research
Commission of South Africa (eds), 1996, Water treatment membrane processes,
McGraw-Hill, New York.
Amy, G 2008, 'Fundamental understanding of organic matter fouling of membranes',
Desalination, vol.231, no.1-3, pp44-51.
Belfort, G, Davis, RH & Zydney, AL 1994, 'The behavior of suspensions and
macromolecular solutions in crossflow microfiltration', Journal of Membrane
Science, vol.96, no.1-2, pp1-58.
Benkahla, YK, Ould-Dris, A, Jaffrin, MY & Si-Hassen, D 1995, 'Cake growth
mechanism in cross-flow microfiltration of mineral suspensions', Journal of
Membrane Science, vol.98, no.1-2, pp107-117.
Bixio, D, Thoeye, C, Wintgens, T, Ravazzini, A, Miska, V, Muston, M, Chikurel, H,
Aharoni, A, Joksimovic, D & Melin, T 2008, 'Water reclamation and reuse:
implementation and management issues', Desalination, vol.218, pp13–23.
Brewster, M 2008, personal communication, 20 May, 25 November, and 17 December
2008, martin.brewster@sydneywater.com.au.
Brewster,
M
2009,
personal
communication,
23
July
2009,
martin.brewster@sydneywater.com.au.
Brown,
C
2009,
personal
communication:
email,
29
July
2009,
Catherine.Brown@siemens.com.
Budhu, M 2007, Soil Mechanics and Foundations, 2nd edn, John Wiley and Sons, New
Jersey.
Cengel, YA & Cimbala, JM 2006, Fluid Mechanics: Fundamentals and Applications,
McGraw-Hill, Boston.
Chang, S & Fane, AG 2002, 'Filtration of biomass with laboratory-scale submerged
hollow fibre modules – effect of operating conditions and module configuration',
Journal of Chemical Technology & Biotechnology, vol.77, no.9, pp1030-1038.
Chellam, S & Jacangelo, JG 1998, 'Existence of critical recovery and impacts of
operational mode on portable water microfiltration', Journal of Environmental
Engineering, pp1211-1219.
Chellam, S, Jacangelo, JG & Bonacquisti, TP 1998, 'Modeling and experimental
verification of pilot-scale hollow fiber, direct flow microfiltration with periodic
backwashing', Environmental Science and Technology, vol.32, no.1, pp75-81.
Chellam, S & Wiesner, MR 1998, 'Evaluation of crossflow filtration models based on
shear-induced diffusion and particle adhesion: Complications induced by feed
suspension polydispersivity', Journal of Membrane Science, vol.138, no.1, pp8397.
Chellam, S & Xu, W 2006, 'Blocking laws analysis of dead-end constant flux
microfiltration of compressible cakes', Journal of Colloid and Interface Science,
vol.301, no.1, pp248-257.
Choi, H, Zhang, K, Dionysiou, DD, Oerther, DB & Sorial, GA 2005, 'Effect of
permeate flux and tangential flow on membrane fouling for wastewater
treatment', Separation and Purification Technology, vol.45, no.1, pp68-78.
Crittenden, JC, Trussell, RR, Hand, DW, Howe, KJ & Tchobanoglous, G 2005, Water
treatment : Principles and design, 2nd edn, John Wiley & Sons, New Jersey.
199

Cui, ZF, Chang, S & Fane, AG 2003, 'The use of gas bubbling to enhance membrane
processes', Journal of Membrane Science, vol.221, no.1-2, pp1-35.
Davis, RH 1992, 'Modeling of fouling of crossflow microfiltration', Separation and
Purification Technology, vol.21, no.2, pp75-126.
Dolnicar, S & Schafer, AI 2009, 'Desalinated versus recycled water: Public perceptions
and proﬁles of the accepters', Journal of Environmental Management vol.90,
pp888–900.
Fan, L, Harris, JL, Roddick, FA & Booker, NA 2001, 'Influence of the characteristics of
natural organic matter on the fouling of microfiltration membranes', Water
Research, vol.35, no.18, pp4455-4463.
Fane, AG 2007, 'Sustainability and membrane processing of wastewater for reuse',
Desalination, vol.202, no.1-3, pp53-58.
Fritzmann, C, Löwenberg, J, Wintgens, T & Melin, T 2007, 'State-of-the-art of reverse
osmosis desalination', Desalination, vol.216, no.1-3, pp1-76.
Ganz, Y 2003, Water treatment, 3rd edn, American Water Works Association, Denver,
CO.
Groth, AM 2009, personal communication: email, 25 August 2009,
andrew.groth@siemens.com.
Hermia, J 1982, ' Constant pressure blocking filtration laws—Application to power law
non-Newtonian fluids', Transactions of the Institution of Chemical Engineers,
vol.60, pp183–187.
Ho, WSW & Sirkar, KK (eds), 1992, Membrane handbook, Kluwer Academic
Publishers, Massachusetts.
Hoek, EMV, Allred, J, Knoell, T & Jeong, B-H 2008, 'Modeling the effects of fouling
on full-scale reverse osmosis processes', Journal of Membrane Science, vol. 314
pp33-49.
Judd, S 2006, The MBR Book : Principles and Applications of Membrane Bioreactors in
Water and Wastewater Treatment, Elsevier, Oxford.
Jury, WA & Vaux, HJJ 2007, 'The emerging global water crisis: Managing scarcity and
conflict between water users', Advances in Agronomy, vol.95, pp1-76.
Kim, J, Cai, Z & Benjamin, MM 2008, 'Effects of adsorbents on membrane fouling by
natural organic matter', Journal of Membrane Science, vol.310, no.1-2, pp356364.
Kim, J & DiGiano, FA 2009, 'Fouling models for low-pressure membrane systems',
Separation and Purification Technology, vol.68, no.3, pp293-304.
Kim, YM, Kim, SJ, Kim, YS, Lee, S, Kim, IS & Kim, JH 2009, 'Overview of systems
engineering approaches for a large-scale seawater desalination plant with a
reverse osmosis network', Desalination, vol.238, no.1-3, pp312-332.
Kincl, J, Dolecek, P & Cakl, J 2009, 'Filtration model for hollow fiber membranes with
compressible cake formation', Desalination, vol.240, no.1-3, pp99-107.
Lee, EK, Chen, V & Fane, AG 2008, 'Natural organic matter (NOM) fouling in low
pressure membrane filtration --- effect of membranes and operation modes',
Desalination, vol.218, no.1-3, pp257-270.
Listiarini, K, Chun, W, Sun, DD & Leckie, JO 2009, 'Fouling mechanism and resistance
analyses of systems containing sodium alginate, calcium, alum and their
combination in dead-end fouling of nanofiltration membranes', Journal of
Membrane Science, vol.344, no.1-2, pp244-251.

200

Marselina, Y, Lifia, Le-Clech, P, Stuetz, RM & Chen, V 2009, 'Characterisation of
membrane fouling deposition and removal by direct observation technique',
Journal of Membrane Science, vol.341, no.1-2, pp163-171.
Memcor 2003, US Filter: Memcor Large Range Microfiltration Unit --- Operation and
Maintenance Manual, MAS90omm1_1_.doc, Memcor, NSW.
Memcor Technology Centre 2005, Standard E-Series Large Range Slave CMF Unit:
Alarm Messages and Troubleshooting Guide, 0220943ots_A_CMF Unit
Troubleshotting.doc, Memcor Technology Centre, NSW.
Mendret, J, Guigui, C, Schmitz, P & Cabassud, C 2009, 'In situ dynamic
characterisation of fouling under different pressure conditions during dead-end
filtration: Compressibility properties of particle cakes', Journal of Membrane
Science, vol.333, no.1-2, pp20-29.
Mulder, M 2003, Basic Principle of Membrane Technology, 2nd edn, Kluwer Academic
Publishers, Dordrecht, The Netherland.
Noble, RD & Stern, SA (eds), 1995, Membrane Separations Technology: Principles
and Applications, Elsevier Science, Oxford.
Oak Ridge National Laboratory n.d., Schematic of molecular sieve membrane, jpeg,
accessed
10/11/2009,
http://www.ornl.gov/info/ornlreview/v38_1_05/images/a06_membrane_full.jpg.
Orr, C (ed) 1977, Filtration: Principles and Practices Part I, Marcel Dekker, New
York.
Pearce, G 2007a, 'Introduction to membranes: Filtration for water and wastewater
treatment', Filtration and Separation, vol.44, no.2, pp24-27.
Pearce, G 2007b, 'Introduction to membranes: Fouling control', Filtration and
Separation, vol.44, no.6, pp30-32.
Pearce, G 2007c, 'Introduction to membranes: Manufacturers' comparison: part 1',
Filtration and Separation, vol.44, no.8, pp36-38.
Pearce, G 2007d, 'Water and wastewater filtration: Membrane module format',
Filtration and Separation, vol.44, no.4, pp31-33.
Pearce, G 2007e, 'Water and wastewater filtration: Process design', Filtration and
Separation, vol.44, no.5, pp36-38.
Pearce, G 2008a, 'Introduction to membranes -- MBRs: Manufacturers' comparison: part
2 -- supplier review', Filtration and Separation, vol.45, no.3, pp30-32.
Pearce, G 2008b, 'UF/MF pre-treatment to RO in seawater and wastewater reuse
applications: a comparison of energy costs', Desalination, vol.222, no.1-3, pp6673.
Radcliffe, J 2008, 'Australian water recycling today - the big issues', in Proceedings of
National Recycling and Reuse Conference, Melbourne, Australia, 27 May 2008,
accessed 28/10/2008, http://www.nwc.gov.au/resources/documents/Aus-WaterRecycling-PRES-2705081.pdf.
Schäfer, AI 2001, Natural Organics Removal Using Membranes, Technomic Publishing
Company, Pennsylvania.
Siemens
2006,
Membrane
Evolution
4,
accessed
29/11/2008,
http://www.water.siemens.com/SiteCollectionDocuments/Product_Lines/Memc
or_Products/Brochures/evolution4.pdf
Siemens 2009, M10C Submodule Spec Sheet, SD-411, NSW.
Song, L 1998, 'Flux decline in crossflow microfiltration and ultrafiltration: mechanisms
and modeling of membrane fouling', Journal of Membrane Science, vol.139,
no.2, pp183-200.
201

Sorensen, BL & Sorensen, PB 1997, 'Applying cake filtration theory on membrane
filtration data', Water Research, vol.31, no.3, pp665-670.
Sydney Water 2006, A southerly change: Water recycling and the Illawarra
Wastewater
Strategy,
accessed
22/04/2009,
http://www.sydneywater.com.au/Publications/FactSheets/WaterRecyclingIllawa
rraWastewaterStrategy.pdf#Page=1
Sydney Water 2008, Wollongong STP aerial, jpeg, accessed 18/12/2008,
http://www.sydneywater.com.au/MajorProjects/IllawarraWastewater/images/Wo
llongongSTPaerial.jpg.
Sydney Water 2009, CMF CIP Handheld log, NSW.
Terzaghi, K & Peck, RB 1960, Soil Mechanics in Engineering Practice, John Wiley &
Sons, New York.
Tiller, FM & Khatib, Z 1984, 'The theory of sediment volumes of compressible,
particulate structures', Journal of Colloid and Interface Science, vol.100, no.1,
pp55-67.
UNEP/GRID-Arendal 2009, Water supply per river basin in 1995 and 2025, accessed
10/12/2009,
http://maps.grida.no/go/graphic/water-supply-per-river-basin-in1995-and-2025.
United Nations 2006, International Decade for Action: Water for Life, 2005 - 2015 --Factsheet
on
Water
and
Sanitation,
accessed
05/08/2009,
http://www.un.org/waterforlifedecade/factsheet.html.
United Nations 2008, World Population Prospects: The 2008 Revision Population
Database, accessed 05/08/2009, http://esa.un.org/unpp.
Veolia Water 2009, Illawarra Water Strategy : Case Studies --- Municipal, accessed
8/7/2009, http://www.veoliawaterst.com.au/en/case-studies/7741.htm.
Veolia Water Systems 2005a, Unit Process Guidelines: Wollongong STP Continuous
Microfiltration (CMF) Water Reclamation Plant (WRP), No.ST0014-UPG8900-01, Veolia Water Systems, NSW.
Veolia Water Systems 2005b, Unit Process Guidelines: Wollongong STP Reverse
Osmosis (RO) Water Reclamation Plant (WRP), No.ST0014-UPG-8900-02,
Veolia Water Systems, NSW.
Wang, BG, Ando, M, Yin, HT, Hong, B & Peng, Y 2006, 'Mathematical modeling of
flux in ultrafiltration membrane for water treatment', Separation Science and
Technology, vol.41, no.6, pp1179-1191.
WHO 2010, Health through safe drinking water and basic sanitation, accessed
08/01/2010, http://www.who.int/water_sanitation_health/mdgl/en/index.html.
Wintgens, T, Melin, T, Schafer, A, Khan, S, Muston, M, Bixio, D & Thoeye, C 2005,
'The role of membrane processes in municipal wastewater reclamation and
reuse', Desalination, vol.178, no.1-3, pp1-11.
Worldometers 2009, Real time world statistics, accessed 27/12/2009,
http://www.worldometers.info/.
Xie, RJ, Gomez, MJ & Xing, YJ 2008, 'Understanding permeability decay of pilot-scale
microfiltration in secondary effluent reclamation', Desalination, vol.219, no.1-3,
pp26-39.
Zularisam, AW, Ismail, AF & Salim, R 2006, 'Behaviours of natural organic matter in
membrane filtration for surface water treatment -- a review', Desalination,
vol.194, no.1-3, pp211-231.

202

APPENDIX – A: A SCHEMATIC DIAGRAM OF A MUNICIPAL
MF-RO PLANT

The following figure shows a schematic diagram of the MF and RO systems used for a
municipal water treatment plant – the WWRP in Australia. It is noted that all pumps
and valves used in the plant are not involved in this figure.

Figure A- 1. A schematic diagram of a municipal membrane plant consisting of fullscale MF and RO plants
*This figure was adapted from the snap shot images created by the author in 2007 by
using the SCADA operation menu in the WWRP and the operation manual (Veolia
Water Systems, 2005a)
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APPENDIX – B: A SCHEMATIC DIAGRAM OF A MF SYSTEM

The following figure shows a schematic diagram of the MF system used in the WWRP.
The MF system consists of 9 MF Units including a standby Unit. It is noted that all
pumps and valves used in the plan are not involved in this figure.

Figure A- 2. A schematic diagram of the MF system used in the WWRP
*This figure was adapted from the snap shot images created by the author in 2007 by
using the SCADA operation menu in the WWRP
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APPENDIX – C: A SCHEMATIC DIAGRAM OF A SINGLE MF
UNIT

The following figure shows a schematic diagram of a single MF Unit in the MF system
in the WWRP. A single Unit consists of 112 MF hollow fibre modules. It is noted that
all pumps and valves used in the plan are not involved in this figure

Figure A- 3. A schematic diagram of a single MF Unit in the MF system in the WWRP

*This figure was adapted from the snap shot images created by the author in 2007 by
using the SCADA operation menu in the WWRP
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APPENDIX – D: MATLAB PROGRAMS

The MATLAB programs developed in this study are shown as follows. These programs
are described in Section 5.3.2. The following programs are:
-

The main program: comds_plotdata_CMFUnitA1_60sdata.m

-

The sub-program of the above: Function - mk_CMFUnitA1_dt60s_Sep09.m

-

The sub-program of the above: Function - mk_data_flipup.m

Main-program: cmds_plotdata_CMFUnitA1_60sdata.m
This program makes the operating data without outliers for the assessment of the system
performance. It calls the sub-program ‗mk_CMFUnitA1_dt60s_Sep09.m‘ for the initial
data arrangement.
% Settings of the normal filtration range
cal_TMP_min = 9.7;
cal_TMP_max = 51.0;
cal_Qp_min = 19.1 ;
cal_Qp_max = 43.0 ;
Rtot_min = 2.5;
Rtot_max = 4.83;
reply = input('Do you want to run the command mk_CMFUnitA1_dt60s? Y/N
[Y]: ', 's');
if isempty(reply) || strcmp(reply,'Y')|| strcmp(reply,'y')
outputs_CMFUnitA1_dt60s = mk_CMFUnitA1_dt60s;
else
reply = input('Do you want to run the command
mk_CMFUnitA1_dt60s_Sep09? Y/N [Y]: ', 's');
if isempty(reply) || strcmp(reply,'Y')|| strcmp(reply,'y')
outputs_CMFUnitA1_dt60s = mk_CMFUnitA1_dt60s_Sep09;
display('The result covers the data until Sep 2009 with 60s
interval');
end
end

reply = input('Do you want to make the variables of data60s? Y/N [Y]:
', 's');
if isempty(reply) || strcmp(reply,'Y')|| strcmp(reply,'y')
data60s_Rtot=outputs_CMFUnitA1_dt60s.data60s.scada_data(:,2);
data60s_scada_TMP=outputs_CMFUnitA1_dt60s.data60s.scada_data(:,3);
data60s_raw_Pf=outputs_CMFUnitA1_dt60s.data60s.scada_data(:,4);
data60s_raw_Pp=outputs_CMFUnitA1_dt60s.data60s.scada_data(:,5);
data60s_raw_Qp_Ls=outputs_CMFUnitA1_dt60s.data60s.scada_data(:,6);
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data60s_raw_Turbp=outputs_CMFUnitA1_dt60s.data60s.scada_data(:,7);
data60s_raw_Condp=outputs_CMFUnitA1_dt60s.data60s.scada_data(:,8);
data60s_raw_time_num = outputs_CMFUnitA1_dt60s.data60s.time_num;
x = data60s_raw_time_num; % This is x-axis in the plot
data60s_opehours = outputs_CMFUnitA1_dt60s.data60s.opehours;
data60s_cal_TMP = data60s_raw_Pf - data60s_raw_Pp;
data60s_cal_Qp_m3s = data60s_raw_Qp_Ls./1000;

% -------------------------------------------------------------------% Make the CIP axis from Excel file
% -------------------------------------------------------------------[CIP_date, CIP_text] =
xlsread('./data/CIP_CMFUnitA1_20090806.xls');
CIP_date_txt = CIP_text(4:end,2);
CIP_date_txt_char = char(CIP_date_txt);
ind_emptycell = find(CIP_date_txt_char(:,10)==' ');
store_matrix = CIP_date_txt_char(ind_emptycell, 1:9);
CIP_date_txt_char(ind_emptycell, 2:10) = store_matrix;
CIP_date_txt_char(ind_emptycell, 1) = '0';
CIP_date_num = datenum(CIP_date_txt_char, 'dd/mm/yyyy');
cnt_end = length(CIP_date_num);
CIP_x_axis = [];
CIP_y_axis = [];
CIP_Y1 = 0;
CIP_Y2 = 1000;
for cnt_i = 1:1:cnt_end
CIP_x_axis_next =
[CIP_date_num(cnt_i,1);CIP_date_num(cnt_i,1)];
CIP_y_axis_next = [CIP_Y1; CIP_Y2];
if cnt_i == cnt_end
CIP_x_axis = [CIP_x_axis; CIP_x_axis_next];
CIP_y_axis = [CIP_y_axis; CIP_y_axis_next];
else
CIP_x_axis = [CIP_x_axis; CIP_x_axis_next; NaN];
CIP_y_axis = [CIP_y_axis; CIP_y_axis_next; NaN];
end
end
% -------------------------------------------------------------------% Make the CIP axis from 0 hours at 0AM 27th July 2008
% -------------------------------------------------------------------last_date = length(CIP_x_axis); % The number of date axis column
fst_otime_num = data60s_raw_time_num(1);
opedate_hrs = [];
for d_cnt=1:1:last_date
trg_otime_num = CIP_x_axis(d_cnt);
otime_period = trg_otime_num - fst_otime_num;
otime_days = fix(otime_period);
% How many days
[yy,mm,dd,thh,tmm,tss] = datevec(otime_period);
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% How many hours passed from the the beginning
current_hrs = otime_days*24 + thh + tmm/60 + tss/3600;
opedate_hrs = [opedate_hrs current_hrs];
% operation hours
end
CIP_x_axis_hrs = opedate_hrs';
% -------------------------------------------------------------------% Make the CIP axis as dd-mmm-yyyy in the current plot
% -------------------------------------------------------------------reply = input('Do you want to change the x-axis to dd-mmm-yyyy?
Y/N [Y]: ', 's');
if isempty(reply) || strcmp(reply,'Y')|| strcmp(reply,'y')
datetick('x','dd-mmm-yyyy','keeplimits','keepticks');
end
reply = input('Do you want to change the x-axis to HH:MM dd-mmm?
Y/N [Y]: ', 's');
if isempty(reply) || strcmp(reply,'Y')|| strcmp(reply,'y')
datetick('x','HH:MM dd-mmm','keeplimits','keepticks');
end
% -------------------------------------------------------------------% Excluding outliers
% -------------------------------------------------------------------reply = input('Do you want to remove outliers? Y/N [Y]: ', 's');
if isempty(reply) || strcmp(reply,'Y')|| strcmp(reply,'y')
final_data60s = [];
% ---------------------------------------------------------------% Find data within the range of cal TMP
% ---------------------------------------------------------------tmp_TMP = data60s_scada_TMP;
tmp_TMP(:,2)=1;
ind_non_active = find(tmp_TMP(:,1)<cal_TMP_min);
tmp_TMP(ind_non_active,2) = 0;
ind_non_active = find(tmp_TMP(:,1)>cal_TMP_max);
tmp_TMP(ind_non_active,2) = 0;
tmp_TMP(find(tmp_TMP(:,2)<1))= NaN;
% ---------------------------------------------------------------% Find data within the range of Qp
% ---------------------------------------------------------------tmp_Qp = data60s_raw_Qp_Ls;
tmp_Qp(:,2)=1;
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ind_non_active = find(tmp_Qp(:,1)<cal_Qp_min);
tmp_Qp(ind_non_active,2) = 0;
ind_non_active = find(tmp_Qp(:,1)>cal_Qp_max);
tmp_Qp(ind_non_active,2) = 0;
tmp_Qp(find(tmp_Qp(:,2)<1))= NaN;
ind_nan_fromQp = find(tmp_Qp(:,2)<1);
% ---------------------------------------------------------------% Find data within the range of scada Rtot (2.5 - 4.83
*10^12/m)
% ---------------------------------------------------------------tmp_Rtot = data60s_Rtot;
% Resistance calculated by
SCADA
tmp_Rtot(:,2)=1;
ind_non_active = find(tmp_Rtot(:,1)<Rtot_min);
tmp_Rtot(ind_non_active,2) = 0;
ind_non_active = find(tmp_Rtot(:,1)>Rtot_max);
tmp_Rtot(ind_non_active,2) = 0;
tmp_Rtot(find(tmp_Rtot(:,2)<1))= NaN;
ind_nan_fromTMP = find(tmp_TMP(:,2)<1);
tmp_Rtot(ind_nan_fromTMP)= NaN;
final_data60s.Rtot = tmp_Rtot(:,1);
ind_nan_fromRtot = find(tmp_Rtot(:,2)<1);
tmp_TMP(ind_nan_fromRtot)= NaN;
final_data60s.scada_TMP = tmp_TMP(:,1);
% ---------------------------------------------------------------% Find data within the range of TMP, Qp & Rtot
% ---------------------------------------------------------------final_data60s.cal_TMP = data60s_cal_TMP;
final_data60s.cal_TMP(ind_nan_fromTMP)= NaN;
final_data60s.cal_TMP(ind_nan_fromRtot)= NaN;
final_data60s.cal_TMP(ind_nan_fromQp)= NaN;
final_data60s.Pf = data60s_raw_Pf;
final_data60s.Pf(ind_nan_fromTMP) = NaN;
final_data60s.Pf(ind_nan_fromRtot) = NaN;
final_data60s.Pf(ind_nan_fromQp)= NaN;
final_data60s.Pp = data60s_raw_Pp;
final_data60s.Pp(ind_nan_fromTMP) = NaN;
final_data60s.Pp(ind_nan_fromRtot) = NaN;
final_data60s.Pp(ind_nan_fromQp)= NaN;
final_data60s.Qp_Ls = data60s_raw_Qp_Ls;
final_data60s.Qp_Ls(ind_nan_fromTMP) = NaN;
final_data60s.Qp_Ls(ind_nan_fromRtot) = NaN;
final_data60s.Qp_Ls(ind_nan_fromQp)= NaN;
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final_data60s.Turbp = data60s_raw_Turbp;
final_data60s.Turbp(ind_nan_fromTMP) = NaN;
final_data60s.Turbp(ind_nan_fromRtot) = NaN;
final_data60s.Turbp(ind_nan_fromQp)= NaN;
final_data60s.Condp = data60s_raw_Condp;
final_data60s.Condp(ind_nan_fromTMP) = NaN;
final_data60s.Condp(ind_nan_fromRtot) = NaN;
final_data60s.Condp(ind_nan_fromQp)= NaN;
final_data60s.cal_Qp_m3s = data60s_cal_Qp_m3s;
final_data60s.cal_Qp_m3s(ind_nan_fromTMP) = NaN;
final_data60s.cal_Qp_m3s(ind_nan_fromRtot) = NaN;
final_data60s.cal_Qp_m3s(ind_nan_fromQp)= NaN;

end
end

Sub-program of the above: mk_CMFUnitA1_dt60s_Sep09.m
This program is a function program, which calls the sub-program ‗mk_data_flipup.m‘
for loading and arranging the operating data. It further calculates the performance data
and combines all measured and calculated data into a matrix style in the same time
series. This is called by the above program ‗mk_CMFUnitA1_dt60s_Sep09.m‘.
function [RETURN] = mk_CMFUnitA1_dt60s_Sep09()
%% Get the data from the 3 Excel files
out_flipud_dt60s(1) =
mk_data_flipud('./data/CMFUnitA1_dt60s_200810_11.xls');
out_flipud_dt60s(2) =
mk_data_flipud('./data/CMFUnitA1_dt60s_200812.xls');
out_flipud_dt60s(3) =
mk_data_flipud('./data/CMFUnitA1_dt60s_200901.xls');
out_flipud_dt60s(4) =
mk_data_flipud('./data/CMFUnitA1_dt60s_200902.xls');
out_flipud_dt60s(5) =
mk_data_flipud('./data/CMFUnitA1_dt60s_200903.xls');
out_flipud_dt60s(6) =
mk_data_flipud('./data/CMFUnitA1_dt60s_200904.xls');
out_flipud_dt60s(7) =
mk_data_flipud('./data/CMFUnitA1_dt60s_200905.xls');
out_flipud_dt60s(8) =
mk_data_flipud('./data/CMFUnitA1_dt60s_200906.xls');
out_flipud_dt60s(9) =
mk_data_flipud('./data/CMFUnitA1_dt60s_200907_08.xls');
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out_flipud_dt60s(10) =
mk_data_flipud('./data/CMFUnitA1_dt60s_200908.xls');
out_flipud_dt60s(11) =
mk_data_flipud('./data/CMFUnitA1_dt60s_200909.xls');
% RETURN.trg_text
%
.trg_data
%
.org_text
%
.org_data

%% Modify all data of out_flipud_dt60s_xxxxx
excel_dt_lline = 8;
dt60 = [];
num_excel_files = length(out_flipud_dt60s);
for targ_dt=1:1:num_excel_files
dt60(targ_dt).scada_data =
out_flipud_dt60s(targ_dt).trg_data(:,1:excel_dt_lline);
dt60(targ_dt).text_datatypes =
out_flipud_dt60s(targ_dt).trg_text(1:3,1:excel_dt_lline+1);
dt60(targ_dt).text_date =
out_flipud_dt60s(targ_dt).trg_text(4:end,1);
end

%% Combine all data dt60(1) to dt60(9) into 1 data 'data60s'
data60s = [];
data60s.text_date = cat(1, dt60(1).text_date, dt60(2).text_date,...
dt60(3).text_date, dt60(4).text_date,...
dt60(5).text_date, dt60(6).text_date,...
dt60(7).text_date, dt60(8).text_date,...
dt60(9).text_date, dt60(10).text_date,...
dt60(11).text_date);
data60s.scada_data = cat(1, dt60(1).scada_data, dt60(2).scada_data,...
dt60(3).scada_data, dt60(4).scada_data,...
dt60(5).scada_data, dt60(6).scada_data,...
dt60(7).scada_data, dt60(8).scada_data,...
dt60(9).scada_data, dt60(10).scada_data,...
dt60(11).scada_data);
data60s.text_datatypes = dt60(1).text_datatypes;

%% Make the date-time axis as 'dd-mmm-yyyy HH:MM:SS' for data3600
data60s_time = mk_date_time_axis(data60s.text_date,
data60s.scada_data(:,1));
data60s.time_txt = data60s_time.time_txt;
data60s.time_num = data60s_time.time_num;
data60s.opehours = data60s_time.opehours;
%% Return the results
RETURN.data60s = data60s;
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Sub-program of the above: mk_data_flipup.m
This program is a function program, which loads the operating data saved in Excel files
and arranges each data in the chronological order. This is called by the above program
‗mk_CMFUnitA1_dt60s_Sep09.m‘.
function [ RETURN ] = mk_data_flipud( INPUT_EXCEL_FILE_NAME )
%% Read Excel files
[data_org, text_org] = xlsread(INPUT_EXCEL_FILE_NAME);

%% Flip data up from the bottom to the top and exlcude NaN data at the
top
% Find the last NaN data in time axis by searching NaN from the top
cell to
% the bottom
ind = 1;
ind_end = length(data_org);
while (ind <=ind_end)
if isnan(data_org(ind,1))
% This cell is NaN --> Check if the next bottom cell is NaN
ind = ind + 1;
else
% This cell is not NaN, then the target data inclues this data
to the last
% Then, go out the loop
ind_1stdt = ind;
ind = ind_end+10;
end
end
all_data = data_org(ind_1stdt:end, :);
trg_data = flipud(all_data);
%% Flip the text date but the cell title remains at the top (1 to 3
lines)
data_text = text_org(1:3,:);
data_ddmmyyyy = text_org(4:end,:);
flip_ddmmyyyy = flipud(data_ddmmyyyy);
trg_text = cat(1,data_text,flip_ddmmyyyy);

%% Return the result
RETURN.trg_text = trg_text;
RETURN.trg_data = trg_data;
RETURN.org_text = text_org;
RETURN.org_data = data_org;
end
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APPENDIX – E: SIMULATION RESULTS OF SENSITIVITY
ANALYSIS

As discussed in Section 6.3.2, the major factors affecting the total resistance defined in
the new fouling model (Eq.4-46 or Eq.4-50) are numerically simulated under various
operating conditions. When the key parameters were changed for the simulation under
different conditions at the operating time t =168 or 1512 hours, several constant
parameters were used in Eq.4-46 or Eq.4-50 as shown in Table A- 1.

Furthermore, Table A- 2 shows the original values of the key parameters in Eq.4-46 or
Eq.4-50. In addition, changes in these key parameters during the simulation under
various operating conditions are summarised in Table A- 3 to Table A- 8.

Finally, changes in the operating time are summarised in Table A- 9. This is used
during the simulation of the sensitivity of the operating time when the other key
parameters are constant (See Table A- 1).

Table A- 1. Constant parameters for the simulation of sensitivity analysis in Section
6.3.2
Symbol
ri
ro
Amo
nfibre
λ
K1
K2
φf
φc
αco
t

Parameter name
Inside radius of a fibre
Outside radius of a fibre
Membrane filtration area per
module (the outside surface of the
membrane fibres)
Number of fibres per module
Pore blockage – adsorption rate
per unit area
Constant coefficient
Constant coefficient
Volume fraction of particles in
feed
Volume fraction of particles in
feed
Coefficient of the specific cake
resistance per unit area
Operating time

Values
135×10-6 m
300×10-6 m
2

34 m

Data source

Provided by
manufacturer

20 000
3.49×10-3 m-1
4.60×1010 m-1∙kPa-S
12.392 m-1
1.818×10-6
1.818×10-6
1.41×1015 m∙kg-1∙kPaS

168 or 1512 hours

The average values
obtained from the
simulation results as
shown in Table 6-5
Calculated by Eq.434
Calculated by Eq.448
Calculated by Eq.448
Arbitrary selections
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Table A- 2. Original values of the key parameters, which were changed in simulation in
Section 6.3.2
Symbol

Parameter name

Values

Rmo

Clean membrane resistance

2.5×1012 m-1

J(t)

Permeate flux per unit area

2.5 L∙ m-2∙ h-1

Overall pressure drop

20.6kPa

ρp
Cf

The density of particles in feed
Feed TDS concentration

1100 kg∙m-3
2.0 mg∙L-1

S

The index of the adhesive cake
compressibility

0.346

∆P(t)

Data source
Provided by
manufacturer
Calculated by Eq.3-7
Calculated by
SCADA using Eq.312
Assumptions
Assumptions
The average values
obtained from the
simulation results as
shown in Table 6-5

Table A- 3. Changes in clean membrane resistance for simulation in Section 6.3.2
Input
Changes in Rmo
%
-80
-60
-40
-20
0
20
40
60
80
100
120
140
160
180
200
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×1012 m-1
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5

The total resistance calculated by Eq.4-46 or Eq.4-50
t=168hrous
t=1512hrous
Changes in Rtot(t)
Changes in Rtot(t)
%
×1012 m-1
%
×1012 m-1
-80.6
0.50
-81.3
0.52
-61.0
1.02
-61.9
1.05
-41.0
1.54
-41.9
1.60
-20.6
2.07
-21.3
2.17
0.0
2.61
0.0
2.75
21.0
3.15
21.9
3.36
42.2
3.71
44.5
3.98
63.8
4.27
67.7
4.62
85.7
4.84
91.5
5.27
108.0
5.42
116.0
5.95
130.5
6.01
141.1
6.64
153.4
6.61
166.8
7.35
176.6
7.21
193.2
8.07
200.1
7.82
220.3
8.82
223.9
8.45
247.9
9.58

Table A- 4. Changes in flux for simulation in Section 6.3.2
Input
Changes in J(t)
%
-80
-60
-40
-20
0
20
40
60
80
100
120
140
160
180
200

L∙m-2∙h-1
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5

The total resistance calculated by Eq.4-46 or Eq.4-50
t=168hrous
t=1512hrous
Changes in Rtot(t)
Changes in Rtot(t)
%
×1012 m-1
%
×1012 m-1
-4.0
2.50
-8.8
2.51
-3.7
2.51
-7.7
2.54
-2.9
2.53
-6.0
2.59
-1.7
2.56
-3.4
2.66
0.0
2.61
0.0
2.75
2.3
2.67
4.3
2.87
5.1
2.74
9.5
3.01
8.6
2.83
15.6
3.18
12.7
2.94
22.7
3.38
17.4
3.06
30.8
3.60
22.8
3.20
39.9
3.85
28.9
3.36
50.0
4.13
35.7
3.54
61.1
4.44
43.2
3.73
73.3
4.77
51.5
3.95
86.5
5.14

Table A- 5. Changes in overall pressure drop for simulation in Section 6.3.2
Input
Changes in ∆P(t)
%
-80
-60
-40
-20
0
20
40
60
80
100
120
140
160
180
200

kPa
4.1
8.2
12.3
16.5
20.6
24.7
28.8
32.9
37.0
41.1
45.3
49.4
53.5
57.6
61.7

The total resistance calculated by Eq.4-46 or Eq.4-50
t=168hrous
t=1512hrous
Changes in Rtot(t)
Changes in Rtot(t)
%
×1012 m-1
%
×1012 m-1
-3.9
2.51
-7.8
2.54
-3.5
2.52
-7.1
2.56
-2.8
2.53
-5.6
2.60
-1.6
2.57
-3.3
2.66
0.0
2.61
0.0
2.75
2.1
2.66
4.3
2.87
4.8
2.73
9.6
3.02
8.0
2.82
16.1
3.20
11.8
2.92
23.7
3.41
16.3
3.03
32.6
3.65
21.3
3.16
42.8
3.93
27.1
3.31
54.3
4.25
33.5
3.48
67.2
4.60
40.6
3.67
81.5
5.00
48.4
3.87
97.2
5.43
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Table A- 6. Changes in density of the particles in feed for simulation in Section 6.3.2
Input
Changes in ρp
%
-80
-60
-40
-20
0
20
40
60
80
100
120
140
160
180
200

kg∙m-3
220
440
660
880
1100
1320
1540
1760
1980
2200
2420
2640
2860
3080
3300

The total resistance calculated by Eq.4-46 or Eq.4-50
t=168hrous
t=1512hrous
Changes in Rtot(t)
Changes in Rtot(t)
%
×1012 m-1
%
×1012 m-1
-3.9
2.50
-7.9
2.53
-3.7
2.51
-7.5
2.55
-3.1
2.53
-6.3
2.58
-1.9
2.56
-3.9
2.65
0.0
2.61
0.0
2.75
2.9
2.68
5.8
2.91
6.9
2.79
13.9
3.14
12.3
2.93
24.7
3.43
19.2
3.11
38.6
3.82
27.9
3.33
55.9
4.29
38.4
3.61
77.1
4.88
51.1
3.94
102.5
5.57
66.0
4.33
132.4
6.40
83.4
4.78
167.4
7.36
103.5
5.31
207.7
8.47

Table A- 7. Changes in feed concentration for simulation in Section 6.3.2
Input
Changes in Cf
%
-80
-60
-40
-20
0
20
40
60
80
100
120
140
160
180
200
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mg∙L-1
0.4
0.8
1.2
1.6
2.0
2.4
2.8
3.2
3.6
4.0
4.4
4.8
5.2
5.6
6.0

The total resistance calculated by Eq.4-46 or Eq.4-50
t=168hrous
t=1512hrous
Changes in Rtot(t)
Changes in Rtot(t)
%
×1012 m-1
%
×1012 m-1
-3.8
2.51
-7.7
2.54
-3.3
2.52
-6.7
2.57
-2.5
2.54
-5.1
2.61
-1.4
2.57
-2.9
2.67
0.0
2.61
0.0
2.75
1.8
2.65
3.5
2.85
3.8
2.71
7.7
2.96
6.2
2.77
12.5
3.10
8.9
2.84
17.9
3.25
11.9
2.92
24.0
3.41
15.3
3.01
30.7
3.60
19.0
3.10
38.0
3.80
22.9
3.21
46.0
4.02
27.2
3.32
54.7
4.26
31.9
3.44
63.9
4.51

Table A- 8. Changes in the index of adhesive cake compressibility for simulation in
Section 6.3.2
Input
Changes in S
%
-80
-60
-40
-20
0
20
40
60
80
100
120
140
160
180
200

0.07
0.14
0.21
0.28
0.35
0.42
0.48
0.55
0.62
0.69
0.76
0.83
0.90
0.97
1.04

The total resistance calculated by Eq.4-46 or Eq.4-50
t=168hrous
t=1512hrous
Changes in Rtot(t)
Changes in Rtot(t)
%
×1012 m-1
%
×1012 m-1
-3.9
2.51
-7.9
2.54
-3.6
2.51
-7.3
2.55
-3.0
2.53
-6.1
2.59
-1.9
2.56
-3.8
2.65
0.0
2.61
0.0
2.75
3.1
2.69
6.2
2.92
7.9
2.81
15.8
3.19
15.1
3.00
30.3
3.59
25.8
3.28
51.8
4.18
41.4
3.69
83.0
5.04
63.6
4.27
127.7
6.27
95.2
5.09
191.1
8.02
139.6
6.25
280.1
10.46
201.2
7.85
403.9
13.87
286.4
10.08
574.9
18.58

Table A- 9. Changes in the index of adhesive cake compressibility for simulation in
Section 6.3.2
Input
%
-80
-60
-40
-20
0
20
40
60
80
100
120
140
160
180
200

Changes in t
hours
140
280
420
560
700
840
980
1120
1260
1400
1540
1680
1820
1960
2100

The total resistance calculated by Eq.4-46 or Eq.450
Changes in Rtot(t)
%
×1012 m-1
-6.9
2.51
-6.2
2.53
-4.8
2.56
-2.8
2.62
0.0
2.69
3.5
2.79
7.9
2.91
13.1
3.05
19.1
3.21
26.0
3.39
33.8
3.60
42.5
3.84
52.1
4.10
62.7
4.38
74.2
4.69
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